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J  In  this-book  account  Is  given  of  the  contemporary 


science  of  electric  strength  in  liquid  dielectrics.  Ex¬ 
perimental  and  theoretical  data  are  nresented  on  their 
breakdown.  Processes  connected  with  chlorodiphenyl  are 
considered  In  a  way  which  is  useful  for  conditions  which 
are  encountered  in  application.  Data  are  also  presented 
on  the  electric  strength  of  insulating  mixtures  and  in¬ 
formation  on  the  chance  in  the  electrical  and  physical 
properties  of  certain  insulation  liquids  subjected  to 
radiation  is  also  included.  Furthermore,  consideration 
is  given  to  questions  connected  with  the  soark  temper¬ 
ature  at  the  time  of  an  electric  breakdown  and  the  pres¬ 
sure  in  the  discharge  channel, f /ghe  book  is  designed  for 
specialists  working  in  the  area  of  the  theory  and  appli¬ 
cation  of  liquid  dielectric  breakdown.  It  mav  also 
serve  an  a  textbook  for  decree  candidates  and  for  technical 
institute  students  specializinr  in  electrical  insulation. 
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In  this  book  account  is  given  of  the  contemporary 
science  of  elertric  strength  in  liquid  dielectrics.  Ex¬ 
perimental  and  theoretical  data  are  presented  on  their 
breakdown.  Processes  connected  with  chlorodiphenyl  are 
considered  in  a  way  which  is  useful  for  conditions  which 
are  encountered  in  application.  Data  are  also  presented 
on  the  electric  strength  of  insulating  mixtures  and  in¬ 
formation  on  the  change  in  the  electrical  and  physical 
properties  of  certain  insulation  liquids  subjected  to 
radiation  is  also  included.  Futhermore,  consideration 
is  given  to  questions  connected  with  the  spark  temper¬ 
ature  at  the  time  of  an  electric  breakdown  and  the  pres¬ 
sure  in  the  discharge  channel. 
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area  of  the  theory  and  application  of  liquid  dielectric 
breakdown.  It  may  also  serve  as  a  textbook  for  degree 
candidates  and  for  technical  institute  students  specializ¬ 
ing  in  electrical  insulation. 
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Foreword 


The  basic  knowledge  contained  in  the  theory  and 
application  of  liquid  dielectric  breakdown  is  usually  presented  j 

in  general  courses  in  the  technology  of  high  voltage  and  the  j 

physics  of  dielectrics.  There  exist  only  three  special  books  in  /  ! 

the  Russian  language.  The  first  of  these  was  written  by  F.F.  Vol' 
kenshteyn  ("Breakdown  in  Liquid  Dielectrics",  1934),  and  the 
second  by  A.  Nikuradze  ("Liquid  Dielectrics",  1936,  translated  j 

from  the  German).  It  is  quite  obvious  that- both  of  these  have  J 

become  obsolete,  the  third  book  by  A. A.  Andrianova  and  V.V.  I 

Skiteterova,'  "Synthetic' liiquidJDi electrics"*  (1962),  contains 
t$j>ly  a  small  number  of  data  onelectic  strength. 

ii  general  correlation  of  the  experimental  and  theoretical  ; 

data  on  the ^question  of  breakdown  in  liquid  dielectrics  up  to  the  S 

year  i955  was  performed  by  G.I.,  Skanavi  in  his  book  "The  Physics 

i 

of  Dielectrics".  Following  the  appearance  of  this  book,  a  large  i 

number  of  articles  were  published  in  which  new  data  on  the  regu-  j 

larities  of  breakdown  in  compressed  gases,  silico  organic  and 
polar  insulating  liquids  were  included.  Moreover,  in  these 
articles  information  was  communicated  which  was  important  for 
application  and  understanding  of  the  mechanism  of  breakdown: 
this  information  pertained  to  the  dependence  of  breakdown 
voltage  on  the  dielectric  constant,  the  structure  of  the  molecule 
change  and  the  electrode  material,  as  well  as  to  pre-breakdown 
and  post -breakdown  processes,  to  the  spark  temperature,  to  radia¬ 
tion,  stability,  to  mechanical  stresses  in  the  breakdown  of  liquids 
and  so  forth. 

A  more  recent,  but  relatively  compressed,  systematization 
of  literature  sources  on  electric  strength  and  conductivity  in  .  1 

liquid  dielectrics  was  given  in  a  separate  chapter  of  the  book  j 

by  G.  Berks  and  G.G.  Schulman  in  "Progress  in  the  Field  of 
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Dielectrics”  (Volume  I) ;  in  Russian  this  book  was  published 
in  1962. 

Over  the  last  several  years,  a  large  number  of  inves¬ 
tigations  on  the  breakdown  of  various  liquids  produced  with 
short  pulses  of  square  form  and  with.  inter,*-electr,odp 
distances  of  several  tenths  of  a  micron  have  been  accomplished. 
Interesting  data  have  been  obtained  in  these  researches,  but 
unfortunately  they  are  not  free  from  certain  contraditions . 

In  the  present  monographer,  ^attempt  is  made  to 
generalize,  correlate,  and  examine  critically  this  and  earlier 
material,  in  order  to  acquaint  readers  who  are  interested  in  the 
given  problems  with  the  present  state  of  this  area  of  interest. 

The  author  requests  that  comments  be  addressed  to  the 
following:  Leningrad  D-41,  Marsov  Field,  1,  Leningrad  Department 
of  the  "Energy”  Press. 
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CHAPTER  I 


Electric  Strength-,  Chemical  Composition,  and  Structure 
of  .Pure  Liquids 

1-1.  Observations  on  the  System  of  Units  used  in  Measurement 

The  present  monograph  was  written  prior  to  the  decision 
to  introduce  a  new  international  systemor  units  known  as  (SI  (Into 
national  System).  Therefore,  the  system  in  use  with  us  up  to 
1963  is  employed  in  this  work. 

At  the  foundation  of  the  SI  system,  as  is  well  known, 
there  lie  six  basic  units:  the  meter,  the  kilogram,  the  second, 
the  ampere,  the  degree  and  the  candela. 

In  the  new  system,  for  instance,  temperature  must  be 
expressed  in  degress  Kelvin  (T*  K) .  The  relationship  between 
this  temperature  scale  and  the  ordinary  one  -  the  Celsius 
(T°  C)  will  be  as  follows:  T°  K  =  T°  C  +  273.15. 

Pressure  in  the  new  system  must  be  expressed  in 
newtons  (N)  per  square  meter.  One  standard  atmosphere,  1  at 
equals  9.80665  times  104N/M7’,  and  1  MNHG  =  1.33322N/M2. 

.  3 

Density  in  tne  SI  system  is  expressed  in  KC/M  , 

3  2 

specific  gravity  in  N/M  ,  and  viscosity  in  M  /see  and  N  times 
? 

sec/N  .  One  stokes  (st)  of  kinematic  viscosity  will  then  be 

A  0 

equal  to  10"  MVsec,  and  one  poiz  (pz)  of  dynamic  viscosity 

2 

will  be  equal  to  0.1  N  times  sec/M  . 

X-ray  and  Gamma-ray  exposure  dose  --  roentgens  (R) 

-4 

in  the  new  system  will  be  equal  to:  1R  *  2.57976  times  10 
Coulomb/kg.  The  unit  of  exposure  dose  power  is  R/sec  =  2.957976 
times  10'4  ampere/kg.  Radiation  of  one  curie  is  equal  3.7 
times  10*®  SI  units. 
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1.2  On  the  Structure  of  Liquids 

Before  X-ray  analysis  came  into  use,  the  theory  of 
the  liquid  state  of  substances  was  based  on  the  concept,  pro¬ 
ceeding  form  the  Van  der  Waal  *  s  equation',  according  to  which  the 
determined  gradualness  of  the  transition  from  the  gaseous  state 
to  the  liquid  state  was  established.  Under  high  compression 
the  intermolecular  forces  of  linkage  between  gas  particles 
become  so  significant  that  the  substance  is  already  capable  of 
preserving  its  volume  by  itse-lf,  independently  from  external 
pressure.  A  change  in  the  aggregate  state  occurs  and  a  liquid 
is  formed  which,  according  to  these  concepts,  may  be  considered 
as  a  highly  compressed  gas. 

However,  X-ray  analysis  showed  that  condensed  gas  par¬ 
ticles  form  small  groups  with  ordered  structure.  This  did  not 
directly  follow  from  the  concept  of  a  compressed  gas,  however, 
it  was  not  excluded  by  that  concept.  Therefore,  in  the  further 
development  of  knowledge  of  the  liquid  state  the  indi  ..ted  con¬ 
cept  was  not  wholly  abandoned.  From  these  same  positions  the 
metallic  state  of  a  substance  may  also  be  explained  (L.  1-3). 

If  the  electrons  of  individual  atoms  had  a  relatively 
weak  coupling  with  the  latter,  then  upon  approach  to  distances 
comparable  with  the  dimensions  of  electronic  orbit  a"  collectivi¬ 
zation  of  these  electrons  "iust  take  place.  Such  a  condition 
would  be  typical  for  metals.  But  in  the  case  of  strong  couplings 
of  electrons  with  the  separate  atoms  of  similar  type  the  approach 
would  not  cause  *».  collectivization  of  electrons,  since  their 
coupling  with  their  own  atoms  is  to  some  extent  preserved.  Then 
the  substance  would  be  a  dielectric.  Consequently  the  latter  must 
consist  of  individual  atoms  whose  strong  fields  retain  their 
electrons.  In  the  absorption  of  quanta  of  energy,  for  instance 
in  irradiation,  the  electrons  may  leave  the  sphere  of  action  of 
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their  atoms  and  form  a  conduction  current. 


In  a  similar  type  of  irradiation  it  may  turn  out  that  the 
absorbed  quantum  of  energy  will  be  insufficient  for  complete 
detachment  of  an  electron  from  its  atom.  The  electron  will  go 
into  an  excited  state,  i.e.,  it  will  rotate  around  its  atom 
in  a  larger  orbit.  In  the  collision  of  atoms,  the  excited 
state  may  be  transferred  to  other  atoms,  i.e.,  excitons  will 
be  formed  (L.4),  but  conduction  will  not  occur.  Such  a  phe- 
nomemon  is  observed  in  experiment  and  can  easily  be  explained 
from  the  point  of  view  of  the  classical  concept,  which  is  con¬ 
tained  in  the  representation  of  a  dielectric  as  a  compressed 
gas.  From  the  zone  point  of  view  the  indicated  phenomenon  is 
difficult  to  explain. 

At  the  present  time,  it  is  considered  reasonable  to  think 
of  a  liquid  at  temperatures  close  to  those  at  which  crystalli¬ 
zation  occurs  as  having  many  more  characteristics  which  are 
common  with  crystals  than  with  gases,  and  at  temperatures  or 
pressures  close  to  "critical"  the  liquid  is  more  similar  to  a 
gas.  Thus,  the  liquid  state  appears  to  be  intermediate.  The 
distinguishing  features  become  especially  conspicuous  in  the 
nature  of  thermal  motion.  In  gases,  the  molecules  move  rapidly 
and  in  disorder,  and  the  interaction  of  particles  is  initiated 
mainly  in  collision,  which  also  impart  to  gases  some  of  their 
characteristic  features  (diffusion,  thermal  conductivity  and 
viscosity) . 

In  solid  bodies,  the  atoms  complete  their  thermal  oscillations 
over  a  long  period  in  the  same  surroundings,  but  this  environment 
is  not  constant:  the  atoms  pass  from  one  state  of  equilibrium  to 
another  (lattice  points  and  interstices),  and  thus  a  continuous 
mixing  of  atoms  takes  place  just  as  in  gases,  although  slowly. 

In  this  respect  we  already  see  some  common  features  in  the  simi- 
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larity  between  a  gas  and  a  solid  body. 


For  the  motion  of  particles  in  a  liquid  there  exists  a 
significantly  larger  spaciousness  than  in  the  solid  body,  to 
the  extent  that,  for  instance,  in  the  melting  of  crystals  their 
volume  increases  by  three  to  ten  percent.  However,  the  liquid 
particles,  just  as  the  particles  of  a  crystalline  body,  perform 
their  oscillations  around  a  temporary  equilibrium  position.  If  it 
acquires  sufficient  energy  the  liquid  particle  leaves  its  posi¬ 
tion  and  trausfers  to  a  new  position;  Such  transitions  happen 
very  often  and  in  this  respect  liquids  differ  substantially  from 
solid  bodies.  In  transition  resulting  from  thermal  motion  micro- 
cavities  may  be  formed  spontaneously  in  liquids  on  account  of  the 
expansion  of  particles  to  the  sides  (the  process  of  cavitation). 
These  cavities,  as  one  may  surmise,  play  a  certain  role  in  the 
spread  effect  in  determining  the  values  of  breakdown  voltages, 
a  circumstance  which  is  ordinarily  ascribed  to  the  effect  of 
impurities  and  to  certain  random  factors. 

The  duration  of  oscillation  of  liquid  particles  in  the 
vicinity  of  one  equilibrium  position  depends  on  temperature. 

Upon  increase  in  the  latter  this  number  of  oscillations  dimini¬ 
shes.  For  instance,  water  particles  near  a  fixed  equilibrium 
position  at  room  temperature  manage  to  complete  about  one 
hundred  oscillations. 

In  the  case  of  gases  and  liquids  the  forward  motion  of 
particles  occurs  in  zigzag  fashion,  but  the  difference  is 
contained  in  the  fact  that  with  each  change  in  direction  of 
notion  the  liquid  particles  come  to  a  standstill,  at  which 
time  they  behave  in  such  a  fashion  that  it  appears  that  they 
belong  to  a  solid  boiy. 

In  the  study  of  the  regularities  of  scattering  of  X-rays 
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by  liquids  well-defined,  although  washed  out,  maxima  in  the 
scattered  irradiation  were  detected  (L. 5).  Based  on  this 
finding  one  may  propose  the  existence  of  some  ordering  in 
the  structure  of  liquid  bodies.  In  monotomic  liquids  such  as 
mercury,  gallium  and  thallium,  three  or  four  clearly  expressed 
maxima  are  found  for  each;  in  the  X-ray  photographs  of  liquid 
sodium  there  is  only  one. 

In  the  X-ray  photographs  of  fatty  acids  and  alcohols  two 
such  maxima  are  observed  apiece.  The  first  maximum  coincides 
with  that  which  is  observed  in  the  same  substances  in  the  solid, 
crystallized  state,  and  the  secohd*~is  caused  by  the  lateral 
dimensions  of  molecules  in  the  form  of  sufficiently  long  chains. 

In  liquid  mixtures  consisting  of  benzine  and  cyclohexane 
X-ray  analysis  reveals  a  separation  of  the  maxima  in  the  scattered 
ray  intensity.  This  must  indicate  that  the  molecules  are  collected 
in  separate  groups  and  in  the  mixture  preserve  these  groups  by  the 
same  processes  as  in  the  separate  components.  The  same  effect  is 
observed  also  in  the  mixing  of  phenol  with  water. 

In  this  way  one  may  consider  the  existence  of  micro-volumes 
with  ordered  structure  in  liquids  to  be  established.  In  this 
respect  a  liquid  also  bears  a  definite  resemblance  to  a  solid 
body  It  turns  out  that  against  the  background  of  general  disorder 
liquids  have  however  a  definite  order  in  their  arrangement  at  small 
distances  (near  order) . 

X-ray  analysis,  however,  does  not  provide  the  capability  of 
determining  the  nature  of  such  quasi-crystalline  groups  to  the 
degree  to  which  this  may  be  done  for  crystals.  At  the  present 
time  one  may  state  two  hypotheses  on  the  nature  of  these  forma¬ 
tions. 
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According  to  the  first  of  these  in  micro -volumes  with 
dimensions  of  10  -  20  A0  there  is  a  definite  ordered  structure 
of  scattering  centers,  with '.a  lemarkably- strong  suggestion  of 
crystalline  structure.  Based  on  this  representation  a  liquid 
may  be  considered  as  consisting  of  a  very  large  number  of  shallow 
crystolites  separated  by  amorphous  layers. 

According  to  the  second  hypothesis,  the  molecular  ordering 
of  liquids  corresponds  to  the  so-called  cybotactic  state.  At 
a  given  moment  of  time,  a  liquid  may  be  represented  also  as  con¬ 
sisting  of  small  ordered  groups.  But  the  molecules  in  these 
cybotactic  groups  are  not  strongly  attached,  and  they  are  con¬ 
stantly  shifting.  As  a  matter  of  fact,  the  groups  do  not  exist 
for  an  extended  period  of  time,  but  disintegrate  and  are  created 
anew.  This  fact  sets  cybotactic  apart  from  crystolites  6f  solid 
material  (L.6).  With  a  change  in  temperature  the  structure  of 
cybotactic  may  also  change.  With  an  approach  to  the  crystalliza¬ 
tion  point,  as  a  result  of  the  action  of  forces  accounting  for  the 
crystalline  construction,  the  structure  of  these  groups  may  become 

near  to  crystalline.  This  fact  is  confirmed  also  by  the  data  of 
X-ray  analysis.  The  scattered  ray  intensity  curves  in  liquids 
at  a  temperature  close  to  the  crystallization  point  3ie  seen  to 
be  similar  to  the  corresponding'  Curves  for  the  solid  crystalline 
state.  Apparently  al?o  the  average  arrangement  of  scattering 
centers  in  liquids  becomes  the  same  as  in  a  crystal. 

The  presence  of  cybotactic  groups  has  been  established  in 
liquid  paraffins  (L.7  and  8).  It  turned  but  that  fpr  such  liquids 
molecule  chains  of  21  to  29  carbon  atoms  at  a  temperatures  close 
to  the  melting  point  are  arranged  in.  parallel  fashion.  In  a  plane 
perpendicular  to  the  axes  of  the  chains  the  molecules  are  densely 
packed,  and  each  one  may  be  considered  as  a  cylinder  with  cross- 
sectional  diameter  of  4.74  A*.  Experiments  showed  that  in  many 
cases  where  the  structure  has  been  changed,  the  electrical  and 
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physical  properties  of  the  liquid  have  also  been  altered. 

According  to  data  (L.9),  liquid  sulfur  at  a  temperature 
of  220° C  undergoes  significant  structural  changes  in  almost 
jump  fashion.  At  this  same  temperature  its  breakdown  voltage 
(Ebr)  also  changes  radically;  it  reaches  its  highest  value  of 
0.07mv/cm  (L.10). 

Concerning  water  it  is  known  that  at  low  temperatures  it 
has  the  crystalline  structure  of  tridymite  (form  one) .  At 
ordinary  temperatures  the  crystolitea  has-  the  structure  of  quartz 
(form  two) ,  and  at  elevated  temperatures  water  appears  as  a  densely 
packed,  ideal  liquid  (form  three)  (L.ll  and  12).  With  a  change 
in  temperature  these  forms  pass  from  one  into  the  other.  The 
transition  of  a  form  one  group  into  form  two  or  three  is  accom¬ 
panied  by  an  increase  in  forward  and  rotational  motion  of  the 
molecules. 

The  breakdown'  voltage  of  water  at  temperatures  below  zero 
is  almost  unaltered,  but  at  0°C  it  drops  discontinuously  by  a 
factor  of  almost  two  (L.13). 

When  gases  are  compressed  and  cybotactic  groups  are  formed 
Ebr  in  some  cases  rises  sharply.  For  instance,  Ebr  of  liquid 
argon  is  equal  to  about  lmv/cm  (L.14  and  15).  The  corresponding 
value  for  gaseous  argon  at  room  temperature  is  less  than  0.032mv/cm. 
For  other  substances  in  a  transition  from  one  aggregate  state  to 
another  Ebf  changes  smoothly,  for  instance  with  carbon  dioxide  gas 
(L .16) . 

.  From  the  data  presented  it  follows  that  the  breakdown  voltage 
of  liquids  depends  on  their  structure  and  that  it  is  impossible 
to  predict  beforehand  the  nature  of  a  change  in  Ebr  in  a  transition 
of  substances  from  the  gaseous  state  to  the  liquid  state.  The  basic 


electrical  properties  of  liquids  are  Apparently  determined  by 
"near  order",  i.e.,  by  the  nature  of  the  interaction  of  molecules 
with  near  neighbors,  as  takes  place  with- semi-conductors  (L.17). 

Experiments  show  that  for  isomers  of  certain  liquid  dielectrics 
with  various  molecule  chain  structures  the  values  of  E^r  are  also 
not  the  same.  When  side  chains  are  present  E^  drops  noticeably 
(L.18).  In  this  connection  it  is  interesting  to  note  that 
according  to  the  data  (L.}9),  the  addition  of  a  CHj  group  or  an 
OH  to  the  side  of  the  chain  increases  the  transverse  dimension 
of  the  molecules  by  approximately  0.6  and  0.4A®  respectively. 

A  more  detailed  account  of  the  relation  between  chemical 
composition  of  liquid  and  their  structure  will  be  presented  in 
the  following  paragraphs. 

1-3  The  Dependence  of  Breakdown  Voltage  on  the  Density  of  Liquids 

In  the  investigation  of  hydrocarbon  liquids  of  the  paraffin 
series  it  was  noted  that  their  breakdown  voltage  became  higher 
as  the  density  increased.  The.  question  arises  as  to  the  extent 
to  which  this  regularity  holds  in  general  for  liquid  dielectrics. 

Is  it  in  reality  true  only  for  one  homogolous  series,  in  which 
hydrocarbons  with  the  same  construction  CnHj>n  +  2  differ  only  in 
the  length  of  the  molecule  chain,  or  may  it  be  extended  to  insula¬ 
ting  liquids  with  another  chemical  composition  and  structure? 

According  to  the  data  of  references  (L.18,  20,  21,  22,  and 
23) ,  it  may  be  confirmed  that  at  least  for  the  paraffin  series  of 
hydrocarbons  this  regularity  is  applicable  in  full  degree.  However, 
in  the  following  paragraph  it  will  be  shown  that  the  given  confir¬ 
mation  is  not  very  rigidly  grounded.  It  is  necessary  to  note  that 
investigations  of  the  indicated  liquids  were  carried  out  with 
quite  small  spark  gaps  and  short  pulses.  On  the  basis  of  the 
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experimental  material  it  was  also  shown  that  in  order  to 

determine  E  of  the  liquids  one  may  use  a  somewhat  modified 
br 

paschen  law,  according  to  which  E  *  F(P,1)  where  P  is  the 
pressure  and  1  is  the  distance  between  electrodes. 

The  liquids  under  investigation  were  carefully  purified 
and  filtered.  Particular  .  attention  was  devoted  to  the  removal 
of  impurities  of  unsaturated  hydrocarbons  with  a  different  spe¬ 
cific  gravity,  and  also  hydrocarbons  with  an  admixture  of  sulfur 
and  suspended  solids.  Therefore  the  liquids  were  washed  several 
times  with  concentrated  sulfuric  acid.  Some  of  the  experiments 
were  carried  out  with  a  mercury  cathode.  The  liquids  investigated 
in  this  way  over  the  course  of  several  days  were  mixed  with  mercury 
in  order  to  prevent  the  possible  formation  of  contaminated  film  on 
the  cathode  surface.  The  anode,  made  of  stainless  steel,  was 
thoroughly  polished.  The  amplitude  of  rectangular  pulses  was 
gradually  increased  up  to  breakdown.  Motion. of  the  mercury 
cathode  under  an  imposed  voltage  was  also  taken  into  account 
(L.23).  The  dependence  of  on  the  liquid  density  D,  as 
determined  from  the  data  is  shown  in  Figure  1,  It  turned  out 
that  with  an  increase  in  D  the  breakdown  rises  linearly.  This 
regularity  was  corroborated  even  more  thoroughly  by  experiments 
conducted  with  highly  polished  hemispherical  electrodes  of  stain¬ 
less  steel.  The  investigations  were  performed  in  a  teflon  vessel 
with  glass  windows  for  observing  the  spark  gap.  In  these  experi¬ 
ments  particular  attention  was  devoted  to  the  removal  of  finely 
suspended  impurities.  The  distance  between  electrodes  in  all  cases 
was  equal  5  times  10 The  data  obtained  are  presented  in  table  1. 

As  one  would  expect,  with  a  reduction  in  the  pulse  duration 
or  in  the  time  of  voltage  application  the  values  of  E^r  increase 
noticeably.  According  to  the  data  of  (L.24),  such  a  linear 
dependence  has  been  established  also  with  dc  voltage  (see  curve  4 
of  Figure  2).  It  has  turned  out  that  with  some  assumptions  all  of 
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this  may  be  put  on  theoretically  firm  ground.  But  according 
to  other  sources  in  the  literature  such  a  linear  dependence 
between  E^r  and  the  density  of  liquid  hydrocarbons  does  not 
exist.  Other  confirmation  of  a  similar  type  is  considered  to 

rest  on  firmer  ground. 
This  will  be  discussed 
in  more  detail  in  a  sub¬ 
sequent  paragraph. 


Fig.  1.  The  dependence  of  E^  on 
the  density  of  hydrocarbons  in  the 
paraffin  series.  1-mineral  oil;  2- 
decane  +  mineral  oil;  3-hexadecane; 
4-N-dodecane;  5-N-decane;  6-N-octane; 
7-N-heptane;  8-N-hexane;  9-N-pentane. 

dicated  linear  dependence. 


Formally  liquid 
hydrocarbons  may  be 
considered  as  gases  com¬ 
pressed  under  a  pressure 
of  about  2,000  atm.  The 
breakdown  voltage  of,  for 
instance,  air  is  equal  to 
about  0.032  mv/cm.  There- 
fore,  Bbr  of  liquids,  ac- 
cording  to  the  Paschen  law, 
would  have  to  be  about 
2,000  times  greater.  On 
the  contrary,  they  break 
down  at  E  «  0.1  to  5.0mv/cm 
(L.25).  Consequently  the 
Paschen  law  must  actually 
be  modified  somehow  in 
order  to  explain  the  in- 


In  gas  spark  gaps  the  electrons  transfer  the  energy  obtained 
from  the  applied  field  to  molecules  of  the  medium  through  colli¬ 
sions.  This  energy  is  expended  in  the  excitation  of  electrons 
in  molecules,  in  the  dissociation  of  the  latter,  radiation,  shocks 


of  the  second  kind  and  so  forth.  In  order  to  form  a  streamer 
it  is  necessary  that  free  electrons  obtain  more  energy  from 
the  field  than  they  lose  through  collision. 


Table  1 


Breakdown  Voltaga  of  Liquid  Hydrocarbon!  Subjected  to  Rectenguler  Pulies 


Hydrocarbon! 


Otniity 


Duratio 
of  rac 
pulrn 
micro* 


j  woltaga 


N-pantana 

N*haxana 


N-haptana 

Noctana 

N-nonana 

a 

a 


N-dacana 

N-tatradacana 


In  condensed  phases  the  energy  is  expended  mainly  in  the 
excitation  of  oscillations  in  the  atoms  of  the  molecules.  When 
the  molecules  approach  each  other,  as  a  consequence  of  the  mutual 
effect  of  their  micro-fields,  the  dissociation  energy  decreases. 
Therefore  one  may  suppose  that  in  the  excitation  of  electrons  in 
the  molecules  many  of  them  dissociate.  This  situation  apparently 
is  one  of  the  reasons  for  the  deviation  from  the  paschen  law  with 
respect  to  the  reduction  in  value  of  E^r  for  liquids. 


In  reference  (L.21)  it  is  taken  for  granted  that  the  mean  free 


path  of  electrons  depends  on  the  numbs*  of  hydrogen  and  carbon 
atoms  occurring  in  one  cubic  centimeter  of  liquid: 

nflt 1=1  ncaC d"  .  (1) 

where  n^  is  the  number  of  i-type  atoms  in  a  unit  of  volume 
(carbon  atoms  nc  and  hydrogen  n^) ,  and  a^  is  a  constant  with 
the  dimension  of  area. 
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Fig.  2.  The  dependence  of  Ej^ 

of  various  liquids  on  their  density: 
1-silico  organic  liquids;  2-aroraatic 
hydrocargons  with  unbranched  chains;  • 

3- the  same,  but  with  branched  chains; 

4- hydrocarbon iliquids  of  the  paraffin 
series  with  straight  chains  and  with 
dc  voltage. 


The  energy  of  an 
electron,  obtained  by 
it  in  a  path  length 
from  the  applied  field 
is  equal  to  EeX*W.  There¬ 
fore  the  authors  of  re¬ 
ference  (L.21)  under  sim¬ 
plifying  assumptions  con¬ 
sider  that: 

cnp~T“.»  (2) 
where  WQ  is  the  energy 
of  free  electrons  for 
which  their  losses  at 
the  moment  of  collision 
are  greatest,  and  B  is  a 
proportionality  factor.  " 


Under  the  condition  where  WQ  for  carbon  and  hydrogen  atoms 
is  the  same  and  where  it  remains  constant  with  a  change  in  X, 
one  may  write  from  (one)  and  (two) : 

fnp  (nH«c — ( 3 ) 

In  agreement  with  this  formula  the  breakdown  of  liquid  hydro¬ 
cargons  must  in  fact  be  connected  with  the  density  by  a  linear 
law.  Supplementary  data  on  this  question  will  be  presented  in 
Article  10-3. 


A  verification  of  the  applicability  of  the 


aschen  law 


was  attempted  in  (L.26)  for  gas -phase  and  liquid'- phase 
carbon  dioxide.  Breakdown  was  produced  between  steel  snheres 
with  thoroughly  polished  surfaces.  The  CO2  gas  was  compressed 
in  a  compressor  and  its  density  was  varied  over  a  range  from 
0.4  times  10  .  to  0.2g/cm  .  At  higher  pressures  a  liquid  was 
formed. 


It  turned  out  that  the  paschen  law  was  valid  in  the  gas 
phase  for  interelectrode  distances  of  L  greater  than  0.25  mm, 
and  in  the  formation  of  breakdown  shock  ionization  occurs. 

For  smaller  values  of  L  deviations  from  this  lav;  are  observed, 
and  in  the  passage  to  the  liquid  state  it  is  no  longer  fulfilled. 


Data  from  measurements,  of  U^r  for  direct-current  voltage 
and  L=0.19mm  are  presented  in  Figure  3.  Abrupt  changes  in  U^r 
in  passage  from  the  gaseous  state  to  the  liquid  state  are  not 
detected.  In  the  condensed  phase  the  growth  in  for  an  increase 
in  density  takes  place  significantly  more  slowly;  the  linear 
dependence  is  destroyed. 


Fig.  3.  The  dependence  of  E. 
of  carbon  dioxide  on  density?1 


opposite  relationship  also* exists  as 
aromatic  hydrocarbons. 


Therefore,  the  con¬ 
clusion  may  j^e  drawn  that 
even'  the  modified  Paschen 
law  for  gases  may  apparently 
by  employed  for  a  definite 
of  liquid  hydrocarbons. 

The  linear  dependence 
of  Ekr':on  density  is  not 
revealed  for  insulating  liquids 
with  different  chemical  compo¬ 
sition  and  structure.  More¬ 
over  it  turns  out  that  the 
for  instance,  for  some 
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A  curvilinear  dependence  of  E  =  F  (for  DC  voltage) 
and  intevelectrode  distance  (unifol?S  field)  of  L  *  8  times 

_  7 

10  cm  is  found  for  a  silico-organic  liquid  (see  Articles 
2-2  and  3-2),  as  is  apparent  from  curve  one  in  Figure  2 
(L.27).  Curve  two  of  this  drawing  is  recorded  for  an  inves¬ 
tigation  of  aromatic  hydrocarbons  for  which  an  increase  in 
density  D  causes  a  sharp  reduction  in  the  value  of  E^r  (see 
Table  2). 

These  data  were  obtained  for  rectangular  pulses  of 
duration  of  1 1 65  microseconds  and  for  interelectrode  distances 
of  about  51  microns.  Prior  to  the  experiment  the  liquids  were 
distilled  and  filtered  through  a  glass  filter  (L.28). 


With  respect  to  the  dependence  of  Ebr  ■  F(d)  it  pays  to 

note  that  for  aromatic  hydrocarbon  liquids  Ebr  does  not  depend 

on  the  branching  of  chains  of  molecules.  This  is  apparent  from 

the  experimental  points  notated  number  3  in  Figure  2.  In  the 

breakdown  of  longer  gaps  a  definite  dependence  of  Ebr  ■  F(d)  is 

not  revealed  for  fluoorganic  liquids  (see  Table  3).  In  this  table, 

in  addition  to  Ebr  and  d,  some  other  parameters  are  presented  which 

characterize  the  indicated  liquids.  Their  resistivity  is  about 

1014  to  1015  ohm/ cm,  and  the  tangent  of  delta  at  a  frequency  of 

-4 

100  hertz  is  lfss  than  5  . 


Breakdown  Voltage  of  Aromatic  Liquid  Hydrocarbon* 

I  I  Break’ 


N«mt  of  Uquld 


Banzane  ,  , 
Mathylbanzana  , 
Ethlybaiwne 
N-propylbanzane  : 
Isopropylbanzant 
N-butylbtnzene  . 
Iiobutylbanzena  . 


Oanilty 

j/cm3 


down 

volt#** 

MV/cm 


•  . 

o'  • 


♦  • 


o,m 

0,6 5/ 
o.esf 
O.tol 
0,£32 
0,857 


1,61 

i!» 

2ft 

2,50 

2,33 

2,75 

2,22 


TABLE  2 
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The  smallest  value  D  =  1.69  for  C-C^S^O  corresponds 
to  E|3r  =  0.164  mv/cm,  and  the  lowest  Ebr  =  0.14  mv/cm  was  found 
for  C-CgFj.^  with  D  -  1.84. 

It  is  appropriate  to  note  that  liquids  of  similar  type 
are  non-flammable,  explosion-proof  and  chemically  inert. 

Thus,  if  we  consider  liquid  dielectrics  in  general,  no 
definite  dependence  of  E^r  on  density  has  been  established  for 
them  so  far. 

1-4.  The  Influence  of  Some  Structural  Factors  on  the  Ebr 

of  Liquids 

In  article  1-2  it  was  shown  that  the  addition  of  CHj 
or  OH  chains  onto  the  side  increase  the  dimensions  of  mole¬ 
cules  roughly  by  0.6  and  0.4  A  respectively.  This  situation 
must  be  taken  into  account  in  Equation  (1)  by  the  coefficient 
a,  which  has  the  dimensions  of  area,  as  was  mentioned  in  the 
preceding  paragraph.  Therefore,  for  liquid  hydrocarbons  with 
branched  molecule  chains,  according  to  Formula  (2),  Ebr  would 

TABLE  3 


Some  Electrical  and  Physical  Properties  of  Fluorpenic  Liquids 


Chemicsl  Composition 
of  Liquids 

Density 

fl/cm3 

Break- 

down 

voltage 

MV/cm 

.  1 

Dielectric  f^p^c 
permotivlty 

_ ! _ : _ 

Melting 
temp.  C 

(CsFilsN . 

l,«7 

0,180 

i,86^ 

178 

-50 

i,w 

1,82 

0,140 

9,75 

101 

— 

(CsF»)jN . 

0,176 

1.85 

129 

— 

::::::: 

1,81 

1,77 

0,180 

0,172 

1,85 

1,85 

172  — 90 

103  'Lew  then— 100 

•  1,73 

0,156 

1,85 

.  129 

— 

(C*F,).0.  ....... 

1,71 

0,172 

1,77 

1,85 

101 

— 

1,69 

0,164 

56 

— 
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have  to  be  larger  than  for  liquids  with  the  same  density, 
but  with  unbranched  chains.  However,  experiments  do  not 
confirm  this  conclusion. 

The  liquids  under  investigation  were,  purified  with 
concentrated  sulfuric  acid,  washed,  dried  and  filtered  (L.23). 
Breakdown  occurred  when  voltage  pulses  of  duration  1.4  micro¬ 
seconds  were  fed  to  the  dielectric.  The  measured  values  of 
Efar  are  presented  in  Table  4*  Along  with  it,  some  other  data 
are  presented  which  characterize  the  liquids  under,  examination. 

TABLE  4 


Data  on  Efer,  Molacutar  Weight  and  Molecular  Structure  of  Liquid  Hydrocarbons 


Hydrocarbons 

1. 

ii 

Jt 

-ft 

ii 

N-pontanu  .... 
N-haxant  .... 
Nhaptehw  .... 
N-octane  .... 
N-nonano  .... 
N-decano  .... 
Njetrndccimn  •  • 
2-methylpentane  • 

— 

4ru5«5r*«eo>Q'«p 

' 

72.  148 
86,172 
103,198 
114,224 
128,250 
142,276 
198,380 
£6,172. 

C,H|, 

C,H„ 

C,HJ 

C,H„ 

C,H« 

St* 

2.2-dirrMlliyll>i>t,ino 

1.33 

86,172 

C.H„ 

2,3-dimiithylbutane 
2,<1  (iimcthyfpontane 

1,33 

86,172 

100,193 

C,H„ 

C,H„ 

2.2.4-trimcthylpantane 

1,40 

114,224 

C.HU 

Chain  Structure 


CHr~Clf|— CH,— CH*— CHi 

■  gRafes* 

CHr-(CHt)r~CH» 

CHr-cfitf-ClK^aJIicH; 

Ah, 

CH, 

Ah, 

CH,  CH, 

CM,— AhtAh—CH, 
CHr-CH^CHj— CH— CH* 

Ah,  Ah, 
ch, 

CHr-A-CH.-CH-CH, 

Ah,  Ah, 
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From  Table  4  it  is  seen  that,  in  addition  to  normal 
N-hexane,  three  of  its  isomers  were  also  investigated.  The 
chemical  formula  and  molecular  weight  of  these  are  indentical, 
but  the  structure  of  the  molecule  chains  is  different.  Side 
branching  is  absent  in  the  N-hexane. chain,  and  its  E^r  =  1.55 
mv/cm.  The  isomer  2-methylpentane  has  one  side -branched,  and 
its  Ebr  =  1.49  mv/cm.  For  the  remaining  two  isomers  with  two 
side  branchings  the  values  of  Ebr  are  still  less.  In  Article 
10-2  it  will  be  shown  that  this  condradiction  will  be  removed 
if  we  consider  not  the  whole  molecular,  but  separate  groups 
within  it  (CH,  CH2,  CHj) . 

From  the  experiments  it  follows  that  for  isomers  of  the 
homologous  series  the  breakdown  voltage  rises  with  an  increase 
in  density  both  for  pulsed  (Fig.  4)  and  for  DC  voltages.  For 
aromatic  hydrocarbons,  as  was  mentioned  in  the  preceding  para¬ 
graph  the  breakdown  voltage  does  not  depend  on  the  type  of 
molecule  chains. 


Fig.  4.  Breakdown  Voltage  of 
Liquid  Hydrocarbons. 

1-  with  straight  molecule  chains 
for  pulsed  voltage;  2-  the  same, 
but  with  1  branching;  3-  the  same, 
but  with  2  branching?;  4-  the  same, 
but  with  3  branchings;  5-  with 
straight  molecule  chains,  but  for 
DC  voltage;  6-  the  same,  but  with 
1  branching. 


Experiments  also  showed  that  in  the  gas  phase  the  four 
isomers  of  hexane  have  the  same  E^.  The  boiling  temperature 
of  N-hexane  ■  68.74  C;  2-methylpentane  it  is  60.27  C; 
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2,2-dimetnylbutane  49.74  C;  and  2,3-dimethybutane  59.99  C. 

In  the  gas  phase  the  side  chains  have  no  effect  on  Ebl>.  This 
situation  testifies  to  the  difference  in'  the  mechanisms  of 
breakdown  formation  for  gases  and  for  liquids. 

In  connection  with  the  statements  made  on  the  influence 
of  the  structure  of  molecule  chains  on  Ebr  for  liquid  hydro¬ 
carbons  it  is  interesting  to  -compare  also  the  effect  of  other 
physical  and  chemical  parameters.  Data  of  this  type  are  pre¬ 
sented  in  Figure  5  >(L.29  and  30).  Here,-  along  the  abscissa 
in  addition  to  the  density  D  and  .molecular  weight  M,  found  al¬ 
ready  in  Tables  1  and  4,  the  following  are  also  plotted: 
heat  of  evaporation  QR^,  boiling  temperature  Tb,  surface  ten¬ 
sion  y,  viscosity  !eta  and  the  thermodynamic  potential  hZ 
(L.31  and  32). 

1  With  an  increase  in  almost  all  of  the  enumerated  para¬ 
meters,  except  for  the  thermodynamic  (isobaric)  potential,  the 

* 

value  of  Ebr  of  liquid  hydrocarbons  of  the  paraffin  series 
rises.  To  the  extent  that  these  parameters  characterize  the 
strength  of  the  inter-molecular- bonding,  the  authors  of  the 
references  (L.29  and  30)  have  drawn  the  conclusion  that  elec¬ 
trical  breakdown  is  apparently  somehow  connected  with  a  sur¬ 
mounting  of  the  inner-molecular  forces  of  coupling.  Some  con¬ 
siderations  pertinent  to  this  question  will  be  presented  in 
Article  5-1,  ,But  the  isobaric  potential  characterizes  the 
bonding  strength  of  chemical  compounds.  On  this  basis  a  second 
conclusion  is  drawn,  namely  that  the  indicated  strength  does 
not  determine  the  magnitude  of  the  breakdown  voltage.  The 
effect  of  inter-molecular  bonds  may  be  realized  also  through 
the  interaction  of  accelerating  electrons  with  oscillating 
molecules  or  groups  of  atoms  in  the  liquids. 

In  the  temperature  interval  from  the  melting  point  to  the 
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boiling  point  certain  physical;  chemical  and  structural 
parameters  of  the  liquids  undergo  significant  changes.  There¬ 
fore,  their  electric  strength  must  also  change.  Their  dependences 
on  temperature  will  be  discussed  in  detail  in  Article  4-1. 


Fig.  5.  The  Dependence 
of  E.  of  Liquid  Hydro  -  . 
carbofis  of  the  Paraffin 
Series  on  Certain;  Physic 
cal  and  Chemical  Para¬ 
meters, 


Here  we  will  present  only  certain  data  which  have  relevance 
td  the  question  of  present  interest.  They  were  obtained  in 
an  investigation  of  liquid  hydrocarbons  which  were  also  very 
well  purified.  Breakdown  was  produced  at  various  tempera¬ 
tures  and  at  constant  voltage.  A  distance  between  electrodes 
of  3  times  3-3  cm  was  not  changed  during  the  experiment. 


The  curves  of  Figure  6  represent  the  dependence  of 
Log  E^  on  temperature  (1,000/T).  In  light  of  the  charac¬ 
ter  of  the  change  of  these  curves  one  may  reach  a  conclu¬ 
sion  concerning  the  existence  of  two  so  to  speak  special 
points.  The  first  inflection  point  corresponds  appaoximately 
to  a  temperature  of  40  C,  and  the  second  occurs  at  about 
-20  C.  In  the  interval  from  -60  to  -20  C  the  values  of 
fall  abruptly,  and  within  the  limits  from  -20  to  +40  C  they 
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barely  change.  Further  decrease  in  Ej^  is  observed  at 
temperatures  above  40° C.  These  features  are  explained  in 
CL . 33)  by  changes  in  the  oscillational  condition  of  molecule 
chains  in  the  materials  under  study. 

In  the  case  where 
the  action  of  a  constant 
is  involved  .and  the  elec¬ 
tric  field  is  directed  along 
the  chain*  a  polarization  of 
the  molecules  must  take  place 
Inelastic  collisions  with 
electrons  with  such  polar-  * 
ized  centers  will  occur 
more  frequently.  In  this 
situation  the  electrons 
accelerated  by  the  imposi¬ 
tion  of  a  field  will  lose 
energy,  and  the  breakdown 
voltage  of  the  liquidsrmmst 
be  relatively  high. 

The  orientation  of 
molecules  which  have  been  polarized  under  conditions  of  a 
temperature  elevation  from  -60?to  -20#C  will  be  partially  des¬ 
troyed  by  the  more  vigorous  thermal  oscillation.  Collisions 
of  electrons  will  become  more  infrequent,  and  consequently 
energy  losses  will  be  reduced.  Therefore,  the  breakdown 
voltage  must  decrease.  In  this  way  the  sharp  drop  in  from 
the  left  of  Figure  6  is  explained, 

A  further  increase  in  temperature  from  -20* to  +40*C  leads 
to  a  still  greater  undoing  of  the  orientational  order,  but  in 
this  process  the  oscillations  of  the  molecule  chains  will  exert 


an  influence.  Therefore,  in  the  given  region  of  temperature 
change  two  oppositely  acting  factors  must  have  an  effect  on 
Ebr<  Therefore,  the  values  of  Ebr  at  the' indicated  tempera¬ 
tures  hardly  change. 

At  still  higher  temperatures  (greater  than  40° C)  the 
state  of  the  molecules  will  be  characterized  by  an  ordered 
rotational  motion  of  the'  chains  around  the  longitudinal  axes 
and  the  number  of  collisions  of  electrons  will  decrease.  The 
orientational  order  will  be  destroyed  even  further  and  the 
values  of  Ebr  will  again  decrease. 

In  the  case  of  the  heating  of  liquids  to  temperatures 
close  to  the  boiling  point,  gas  bubbles  will  begin  to  form. 

The  ionization  processes  in  these  must  facilitate  a  gradual 
development  of  breakdown  with  still  lower  voltages. 

For  the  purposes  of  the  discussion  of  breakdown  criteria 
which  has  been  presented  the  following  equation  (L.33)  is 
proposed: 


Ebr  *  kNSniQi  (*) 

where  N  is  the  number  of  molecules  in  one  cubic  centimeter; 

is  the  number  of  i-type  groups  with  a  "cross-section": in 
each  molecule,  where  the  collision  of  electrons  in  vibrating 
centers  Qi  is  probable;  k  is  a  constant  which  may  be  determined 
from  the  experiment. 

It  is  assumed  that  the  electrons  travel  freely  without 
collisions  over  an  average  distance  fc,  depending  on  the  density 
of  the  liquid.  With  a  rise  in  temperature  the  density  decreases 
and  X  increases.  Therefore,  Ebr  must  decrease. 
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In  order  to  clarify  the  role  of  structural  factors 
the  effect  of  density  may  be  excluded.  For  this  purpose  it 
is  sufficient  to  construct  curves  of  the  dependence  of  Ebr/N 
=  F(T),  where  N  is  also  the  number  of  molecules  in  one  cubic 
centimeter.  If  only  the  density  of  the  liquids  exerts  an 
influence  on  the  reduction  in  ,  then  the  values  of  E^/N 
do  not  have  to  depend  on  temperature.  Curves  of  this  type 
are  presented  in  Figure  7,  and  one  may  isolate  three  regions 
with  the  character *'c  temperatures  TQ?  and  T^.  Their  values 
agree  closely  with  those  found  previously  from  the  curves 
of  Figure  6.  From  this  it  follows  that  only  the  density  of 
liquids  can  be  said  not  to  be  a  der.termining  factor  for  Ebr 
even  for  liquid  hydrocarbons *of  the  paraffin  series. 


Fig.  7.  The  dependence  of  E,  /N  on  temperature.  For  identi¬ 
fication  of  curves  see  Figure  6. 

1-5  The  Relation  Between  E^  and  the  Dielectric 
Permittivity  of  the  Liquids 

It  is  well  known  that  with  a  prolonged  imposition  of 
voltage  and  with  inter-electrode  distances  of  greater  than 
fractions  of  a  millimeter  E^r  of  highly  polarized  liquids  is 
relatively  small.  In  reference  (L . 34}  it  is  shown  that  the 
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dielectric  permit tiyity  (dielectric  constant)  of  liquids  e 
is  connected  with  Ebr  by  a  fully  determined  specified 
dependence:  with  an  increase  in  e,  Ehr  decreases. 

Experiments  were  carried  out  with  DC  and  AC  (50  hertz) 
voltages.  At  atmospheric  pressure  and  at  essentially  room 
temperature  breakdown  occurred;  in  gaps  no  smaller  than  frac¬ 
tions  of-  a  millimeter.  Therefore,  the  values  of  which 
were  obtained  were  not  so  high  as  in  experiments  described  in 
references  CL .23 ,  24,  and  others) .  A  voltage  rise  with  a 
rate  of  lkz/sec.  was  effected.  In  order  that  the  electrodes 
might  be  easily  controlled,  they -were  fastened  to  polished 
surfaces  in  a  glass yessel.  In  order  to  remove  traces  of  salts 
and  acids  from' the  liquids,  they  were  washed  several  times  with 
distilled  watery  Chrqmous  and-brpmide  compounds  were  dried 
with  calcium  chloride,  and  the  pure  hydrocarbons  were  dried 
with  phosphorous  pentoxide.  The  drying  of  siloxane  was  accom¬ 
plished  with  Sodium  sulfate.  In  addition  the  liquids  were 
twice  distilled  with  a  very  low  rate  of  drop  formation. 

,  With  DC  voltage  only  non-polar  liquids  experienced 
breakdown,  but  for  polar  with  this  voltage  with  breakdown 
yet  to  occur,  a  vigorous  motion  was  observed  which  facilitated 
the  appearance  of  gas  bubbles.  The  values  of  Ebr  as  recorded 
are  too  low.  Therefore,  polar  liquids  were  investigated  with 
AC  voltage  at  50  hz.  In  the  absence  of  intense  motion  the 
values  of  Ebr  for  DC  and  AC  voltages  coincided.  The  dielectric 
constant  was  measured  at  a  frequency  of  one  megahertz. 

It  is  known  that  for  every  breakdown  in  liquids  there 
occur  certain  reverse  changes:  complex  molecules  disintegrate 
into  simpler  ones,  gaseous  products  and  new  molecules  are 
formed,  and  the  number  of  ions  grow.  If  the  discharged  current 
is  not  limited  and  if  the  discharge  is  not  cut  off  immediately 
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after  completion  of  breakdown  by  shunting  of  the  specified 
gap,  then  after  the  first  and  the  following  (second)  break¬ 
downs  E,  -,  as  a fuie,  decreases.  This  reduction  is  especially 

Dr  "  •  ,  ; 

noticeable  in  the  case  where  the  quantity  of  liquid  under 
study  is  small.  In  the  vessel,  there  is  formed  something 
which  can  be  considered  as  a  mixture  of  liquid  and  the  products 
of  its  decomposition.  These  conditions  were  met  in  those 
experiments  which  were  analyzed.  Therefore,  only  those  values 
of  E^y,  which  were  determined  in  the  first  breakdowns  (the 
average  values  from  three  separate  tests)  were  taken  as  genuine, 


It  turned  out  than  in  breakdown  the  destructive  processes 
for  various  liquids  were  not  the  same j  and  from  the  degreee  of 
dissociation  one  may  determine  , their  stability  in  relation  to 
the  breakdown  action.  It  was  convenient  to  characterize  this 
value  R  by  the  reduction  in  value  of  Ebr  after  six  breakdowns 
following  one  after  the  other  in  the  same  trial  of  one  liquid. 

In  Table  5  the  values  of  for  the  first  arid  sixth 
breakdowns  of  33  insulation  liquids  with  various  chemical 
compositions  and  structures  are  presented.  In.  addition,  some 
other  data  characterizing  the  liquids  under  investigation 
have  been  collected  in  the  same  table. 


According  to  the  data  of  the  table  the  values  of  Ebj>  of 
the  liquids  under  study  varied  within  the  limits  of  0.868  to 
0,182  mv/cm,  the  values.of  the, .dielectric  constants  varied  from 
1.88  to  15.06.  The  magnitude  of  R  varied  at  the  same  time  within 
the  limits  0.96  to  0.2  times  E^.  For  some  liquids  a  significant 
reduction  in  Ebr  was  observed  already  after  the  second  breakdown, 
but  there  were  also  liquids  for  which  this  did  not  happen  even 
after  the  sixth  breakdown.  In  this  category  we  may  include 
carbon  tetrachloride  (CCl^) (curve  1,  Figure  8).  For  methvlene- 
chloride  (CH2CL2)  R  is  small  (curve  3).  The  drop  in  E^  is 
plotted  along  the  ordinate  axes  of  Figure  8  ianercent.  Diethvl- 
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TABLE  5 


Certain  Electrical  and  Physical  Proptrtim  of  I  mulcting  Liquids 


‘  E 

J- 

Name  of  Liquid 

Chemical  Formula 

ft 

1  > 

is 

— 

•  - 

h 

IV 

c  O 

}1 

•a*  *3j 

O 

i  8-.- 

ill 

Is 

5S 

SB 

5  § 

-OR 

Hexechlorbutadiene 

Diethylether 

Hexamethyidlcyloxane 

Octamethylcyclotetra- 

clloxane 

Carbon  tetrachloride 

1 . 1 .2. 2- tet  rabromoet  hene 
N-hexadecane 
N-haptane 

N-hexane 

1.1 .2.2- tetrachloroathane 

1.2- dibromoethane 
Chloroform 
Benzine 

Methylcyclohexane 

2.2- dimethylpentane 
Paraldahyde 
Cyclqhexana 
Pentachlorathane 
Trichloroethylene 
Bromobenzine 
Toluene 

(cii)  1.2-dichloroethylene 
Chlorobenzlne 
1 ,2.4-tr  ichlorobanzina 

1.2- dichloroethane 
Tetrachloroethylene 
Propylbromide 
Propylchloride 
M-dichlorobenzine 
O-dlchlorobenzine 

(trant)  1.2-dlchloroethylene 
Methylenechloride 
1.1-dichloroe thy  lane 


CICCIiCOI, 
CllaSijO 
KCII^SIOI,  • 

ecu, 

Br:!IC«C!!Br, 

•%8»  ' 

c,llji 

CUHCCHCl, 
BrHjCCIIjBr 
•  CIICIj 
'  C«Ha 

C,HnCH, 

ICHaCHOU 

CljHCi’icie  ' 
CLC :  CHCt 
C,HaBr 

amen, 

ClilCiCHCI 
C,HtCI 
Q.I  I, Cl, 
CIH,C:CH,Cl 
ClJCiCCI, 

CHiCHaCHjBr 
CHSCH4C!I,CI 
C.H.CI,  • 
C*H,CU 
CIHCiCHCl 
CH,CI. 
CI,C:CH, 


0.890 
0,589 I  0.90' 
0,820 1  0.96 


0;79fl 

0,810 

0,120 

0,828 

0,810 

0,808 

0,355 

0,002 

0,015 

0,781 

0,822 

0,810 

0.182 

0,830 

0,635 

0,070 

0,409 

0,780 

0,317 

0,499 

0,020 

0,275 

0,776 

0,370 

0,350 

0,538 

0,312 

0,815 

0,325 

0,506 


O.OI 

0,93 

0,90 

0,80 

0,78 

0.7-1 

0,72 

.0,71.. 

"0,65 

0,61 

0;63 

0,62 

0,60 

0.58 

0,57. 

0.55 

0.54 

0.53 

0,52 

0,51 

0,50 

0,47 

0,45 

0.41 

0.43 

0,43 

0,43 

0.40 

'0,3 

'0,2 


I.6S98 
0.7137 
0,70 to 

0.9507 
1 ,5937 
2,9638 
0,7751 
0,68:18 
0,6595 
1,6025 
2;  1771  ■ 
1,4889 
0,8789 
0,7693 

I  .0077 
0,7785 
1,6881 
1 . 1655 
1.4951 
0,8556 

1 .2500 
1.1062 
1,4060 
1,2000 
I .6070 
1,359? 
0,8923 
1,2820 
1,3261 
1,2502 
1,3258 

1.2500 


4.38 
2,15 

2.40 

2.24 
6,70 
2,04 
1.93 
1,88 
8,08 
4.73 

4.89 
2,28 

2.24 

1.97 
15.06 

2,04 

3,76 

3.41 
■  5,31 

2.39 
8.92 
5,54 

3.98 
10,03 
2,46 
7,66 
8,13 

4.90 
9,43 
2.18 
8,56 
4,82 
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ether  (C^Hjj^O  and  hexamethyldicyloqxane  (CHjSIj.Q)  should  be 
considered  as  the  most  reliable  among  the  liquids  tested  (see 
Table  5).  For  molecules  with  oxygen  bonds  the  stability  appeared 
to  be  higher.  Pure  saturated  hydrocarbons  also  possessed  a  rela¬ 
tively  high  stability. 


It  was  noted  that  liquids  with  molecules  in  the  form  of 
a  ring  were  less  stable  than  those  with  chain  structure.  For 
instance: 


R  i(CH*)  OHO]*  <1?  (C,H»),0; 

R  I(CHa)t  SiOJ*  < ;/?  (CHt)t  Si,0; 

/i-CjHji. 


! 


For  the  first  inequality  the  curves  of  the  decrease  in 
value  of  Eb|l  are  presented  in  Figure  9.  Besides,  it  turned  out 
that  the  reliability  of  liquids  with  straight  chains  was  greater 
than  those  with  branched  chains : 

R  (2.2-QH,,)  <  R  (n-QH,,).  (  ?  5  A) 

It  was  also  established  that  the  stability  of  liquids  with  chlorine 
derivation  was  smaller  than  that  of  liquids  of  bromine  derivation: 


R  (C!:HC-CHC!.)  <  R  (Br.HCCHBr,),  ( 2 .  B , 

but  for  the  majority  of  liquids  with  symmetric  molecular  structure 
R  was  always  greater  regardless  of  the  dependence  on  chlorine  or 
bromine  content  in  comparison  with  the  asy^ruebric  construction: 


R  (CljHC-C!,)  <  R  (CljHOCHCI,).  ( 25C) 

For  chloroform,  trichlorethylene  and  methylenechloride 
a  rapid  drop  in  Ebr  is  observed  even  after  the  first  breakdowns. 
Under  the  action  of  ultra-violet  radiation  these  liquids  also 
decomposed  easily.  On  the  basis  of  this  fact  one  might  suggest 
that  the  decomposition  of  some  number  of  molecules  is  caused  by 


( 

\ 


f 
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?"  ‘  <,  _  g.  Number  of  Breakdowns 

Number  of  Breakdowns 

Fig.  8.  Decrease  in  values 
o£  E,  for  6  breakdowns 
following  one  after  another. 

1-CC14;  2-CHClj ;  3-CH2Cl2 

the  action  of  ultra-violet  light  radiated  from  the  spark  in 
the  brakdown. 

On  a  logarithmic  scale  the  dependence  between  e  and  E^ 
is  expressed  by  a  straight  line  (see  Figure  10): 

!og5np  =»  *— Am -f- c, 

where  k  and  c  are  constants.  They  are  determined  from  the 
equation  of  a  straight  line  on  the  coordinates  logE^  and  e.  It  is 
known  that  in  this  case  k  equals  tg$,  where  $  is  tbs  slope  angle 
between  the  straight  line  and  the  abcissa  axis,  and  c  is  equal  to  the 
intercept,  where  the  straight  line  intercepts  the  ordinate  axis. 
From  Figure  10 


Fig.  9.  Decrease  in  values 
of  E,_  for  6  breakdowns 
following  one  after  another. 
1- Cc2h5)2<35  2-(CH3CHO)3 


-0,0588*  +  3,026. 


(6) 


I  II 


MV/cr 


Fig.  10.  Dependence 
of  E.  of  various  in¬ 
sulating  liquids  on  a 
dielectric  constant, 


It  turned  out  feasible,  to  extend  such  regularity  to 
isomers,  i.e.,  to  liquids! iwith,  the.  same  chemical  formula  but 
with  a  different  molecule  structure.  In  Table  6,  for  instance, 
data  on  Ejjr»  e,  and  the  dipole  moments  y  for  three  isomers  of 
dichloroethylene  and  two  iso;-  -rs  of  dichlorobenzine  are  presented, 

For  the  isomers  of  heptane  with  the  same  values  of  c  al¬ 
most.  identical  values  of  E^  were  obtained: 


N-heptarie  (C7H.,  . . . . . .  * . 

2 , 2-dimethylpentdne  (CyH^) . . . 


Jbr*  " 

0.840 

0,846 


mv//cm 


1,930 

1,965 


However,  for  spark  gaps  of  several  tens  of  microns  for 
the  same  isomers,  as  was  mentioned  in  the:  proceeding  paragraph, 
a  reverse  relationship  was  found..  Here,  this  was  explained  as 
an  effect  of  the  side  molecule  chains.  Measurement  of  the  values 
of  breakdown  voltages  with  DC  and  AC  voltages,  in  reference  (L.34) 
could  be  made  with  an  accuracy  up  to  several  percent,  but  the 
difference  in  values  of  E^  for  the  isomers  compared  was  ob¬ 
tained  with  an  accuracy  of  less  than  one  percent.  Therefore, 
there  is  still  no  sufficient  justification  for  placing  beyond 
doubt  any  conclusions  drawn  on  the  influence  of  side  chains  of 
liquid  hydrocarbcns  on  EK_. 


Table  6 


Value* of  Ebr, candy  for  Itomart of  Dichloftwthykn# and  Oiehlprobanzina 


ItOITWfS 

Ebr  MV/cm 

e 

' 

y-1018 

CGS  Unit* 

1.2-tr»ni-dichloro«thyl«n»  . 

0,815 

■  2,18 

0.00 

I.l-dlchlorosthylorm  • 

0,506 

4.82 

1,18 

l.^-cMiohiorofWfUinfi  ....... 

0,317 

8,92 

1,80 

M-dichlurobenzIub  . . .  . 

0,538-  • 

4,90 

1,50 

O-dichloroben'zint  . . . 

0,312  ' 

9, <3 

2,2 1 

For  liquids,  with,  the  dipole  moments  y,  with  various 
values  of  e  the  values  of  Ebr  turned  out  also  to  be  very 
different: 

18 

Ebr*  mv/cm  e  u  x  10 

Monochlorinebenzine  (C<HcCl) .  0.499  5.S4  1.S5 

Methylenechl jride  (CH^Clp .  0.326  8.56  1.57 

For  N-hexane  with  inter-electrode  distances  of  several 
tens  of  microns  and  with  rectangular  pulses  with  duration  0.25 
microseconds,  Ebr  equals  1.89  rav/cm  (see  Table  1).  According 
to  the  data  of  reference  (L.34)  however,  for  variable  and  con¬ 
stant  voltages  and  for  wider  spark  gaps  Ebr  equals  0.868  mv/cm 
for  the  same  liquid  (see  Table  5). 

The  authors  of  references  (L.34)  are  of  the  opinion 
that  for  short  lengths  of  time  over  which  the  voltage  is  applied 
only  polarization  by  virture  of  the  shift  of  orbital  electrons 
occurs.  In  this  process  an  increase  in  e  is  not  produced,  and 
consequently  Ebr  also  does  change.  But  if  there  are  constant 
dipoles  in  the  liquid,  then  with  an  increase  in  voltage  appli¬ 
cation  time  they  will  attempt  to  occupy  a  definite  position 
along  the  field,  i.e.,  an  orientation  mechanism  will  be  brought 
into  action.  The  dielectric  will  rise  and.  Ebr  will  fall.  This 
is  a  very  marked  effect  in  the  breakdown  of  a  strongly  polar 
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liquid  such  as  water  (L.35). 

One  might  add  to  what  has  been  said  that  with  an  in¬ 
crease  in  e  the  impurity  molecules,  as  a  result  of  the  action 
of  local  fields,  will  more  easily  undergo  dissociation  and 
the  work  function  of  electrodes  from  the  cathode  will  be  reduced 
(L.36).  Therefore  the  conditions  for  a  cold  emission  from  micro¬ 
scopic  projections  on  , the  cathode  will  be  more  favorable.  All 
Of  this  taken  together  must  facilitate  the  formation  of  „-ak- 
down  for  smaller  values  of  Eu„. 


The  daita  for  E  r  pertaining,  to  cyclohexane  and  dibromo- 
ethane  according  to  Table  5  also  provide  evidence  for  the  ab¬ 
sence  of  regularity  in  increase  of  with  an  increase  in  d,_ 
The  breakdown  voltages  for  the  liquids  being  prepared  are  equal 
respectively  to  0.83  and  0.42  mv/cm  arid  their  densities  are 
0.7785  and  2.9638  g/cm3. 


Fpr  very  small  changes  in  e  (parts  per  hundred)  a 
clearly  expressed  deperidence  of  the  type  E^  equals  f(e) 
apparently  does  not  exist  (see  Table  3) . 
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CHAPTER  II 


The  Electric  Strength  of  Mixtures  and  the  Effect  of 
Moisture  and  Absorbed  Gases  on  E^r  of  Liquids 

2-1.  The  breakdown  voltage  of  mixtures  of  various  liquids. 

Experiments  have  shown  that  the  breakdown  voltage  even 

of  carefully  purified"  and  isolated  liquids  may  be  increased  by 

the  introduction  of  various  admixtures.  For  instance  a  small 

addition  of  air  into  degassed  transformer  oil  increases  it  F. 

br 

by  approximately  twenty  percent  (L.27).  This  same  effect  may 
be  attained  with  the  presence  of  a  0.01  gram  per  litre  admixture 
of  iodine  (L.38). 

Interesting  data  on  the  electric  strength  of  mixtures 
were  obtained  in  reference  (L.39).  These  authors  produced 
breakdowns  with  AC  voltage  at  50  hz.  The  distance  between  the 
spherical  electrodes  was  between  1  and  1.75  mm.  The  discharged 
current  was  limited  by  ohmic  resistors..  The  glass  vessel  was 
treated  with  potassium  bichromate,  was  rinsed  with  distilled 
water  and  heated  to  200°C,  and  before  the  measurements  it 
was  washed  with  the  liquid  to  be  studied.  The  electrodes 
were  polished  to  a  shine.  The  liquids  to  be  studied  were  given 
multiple  filterings  and  were  twice  distilled. 

It  was  shown  that  the  electic  strength  of  a  mixture  of 
hexane  and  heptane  with  the  same  U^r  does  not  depend  upon  the 
concentration  of  each  of  them.  In  the  case  of  an  addition  of  a 
polar  liquid  for  which  U^r  is  less  than  for  the  basic  non-polar 
liquid,  the  breakdown  voltage  for  small  concentrations  grows  up 
to  a  certain  limit  and  then,  depending  upon  the  degree  this 
concentration  is  increased,  it  drops  steeply.  Such  behavior  in 
the  variation  of  U^r  is  followed  for  heptane  when  chlorobenzine 
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is  added  to  it  (e  »  5.54).  The  corresponding  curve  is 
presented  in  Figure  11,  where  along  the  axis  of  the  abscissa 
the  concentration  of  the  .indicated  admixture  is  plotted  in 
percent.  The  largest  growth  in  U^r  (by  401)  is  observed  with 
an  addition  of  81  chlorobenzine. 

In  Figure  12  curves  for  the  variation  of  U^r  for  the 
same  heptane  but  with  different  additives  are  presented.  The 
maxima  of  are  attained  for  various  content  percentages. 

This  information  says  something  about  the  chemical  nature  of 
the  additives.  The  chemical  composition  is  also  a  quite  sig¬ 
nificant  factor.  It  is  possible  that  the  structure  of  the  basic 
liquids  to  which  the  additives  are  applied  is  also  important. 

For  instance,  this  same  chlorobenzine  in  the  case  of  arbitrary 
additions  within  the  limits  of  1  to  1001  does  not  cause  any 
increase  in  Ubr  for  xylene. 

It  turned  out  that  the  electric  strength  of  transformer 
oil  may  be  increased  also  with  admixtures  of  nitrobenzine  and 
chlorobenzine.  We  may  obtain  some  hint  about  this  from  the 
curves  of  Figure  13.  With  the  addition  of  chlorobenzine,  Ubr 
increases  by  about  111. 

Subsequently,  as  one  might  expect,  other  liquids 
will  be  found  which  as  impurities  give  a  more  significant  in¬ 
crease  in  tl^r.  But  in  this  connection  it  is  necessary  to  clear 
up  some  questions  on  the  aging  of  transformer  oil  in  prolonged 
use.  The  mechanism  by  which  U^r  is  increased  consists  apparently 
of  the  capture  of  free  electrons  by  inpurity  molecules.  The  forma¬ 
tion  of  breakdown  is  slowed  by  this  process. 

On  the  increase  of  U^r  for  cable  and  petroleum  ether 
with  the  introduction  of  various  additives  some  information  is 
reported  in  reference  (L.40);  An  addition  of  11  P-nitrotoluene 
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of  heptane  as  a  function  of 
chlorobenzine  concentration. 


Fig.  12.  Breakdown  voltage 
of  heptane  as  a  function  of 
various  additions  of  other 
liquids.  1-quinone;  2-bro- 
mobenzine;  3-iodobenzine; 
4-nitrobenzine 


Fig.  13.  Breakdown  voltage  of 
transformer  oil  with  additions 
of  other  liquids.  1-nitroben- 
zine;  2-chlorobenzine 


increases  the  breakdown  of  petroleum  ether  by  42$.  For  cable 
oil  U^r  rises  by  48$  as  a  result  of  an  introduction  of  2$  8- 
hydroxy Iquinol ine . 

It  was  proved  experimentally  that  in  the  mixing  of  polar 
liquids  the  dependence  Ebr  ■  F(e)  is  preserved,  as  was  reported 
in  Article  1-5.  These  liquids  were  investigated:  methylene 
chloride  (CH2C12),  chloroform  (CHClj)  and  trichlorethylene  (C12C: 
CHC1).  Diethylether  CC2Hg) was  added  to  them  in  various  ratios. 
The  change  in  is  shown  by  the  curves  in  Figure  14,  and  the 
change  in  dielectric  constant  is  shown  in  Figure  15  (L.34).  The 
fractions  x  of  additions  of  diethylether  are  plotted  along  the 
axis  of  the  abcissa.  With  no  addition  (x  ■  0)  the  curves  of 
Figure  14  indicate  the  values  of  E^  of  the  basic  liquids  (0.670; 
0.545  and  0.325  mv/cm).  For  x  *  1  the  value  of  E^r  equals  0.580 
mv/cm  refers  to  diethylether  alone. 

The  breakdown  of  C12:CHC1  -is  equal  to  0.67  mv/cm,  and 
additions  of  (C2Hs)20  is  only  0.58  mv/cm.  Therefore,  with  a 
growth  in  the  fraction  of  the  values  of  E^  of  the 

mixture  decrease.  For  (CH2C12),  on  the  contrary,  E^r  is  less 
than  for  (C2H5)20,  and  for  an  increase  in  the  addition  Ebr  of 
the  mixture  rises  continuously.  Curves  for  e  of  the  mixtures 
show  a  reverse  relationship.  The  larger  the  admixture  of  (C2H5)20 
in  CH2C12  the  smaller  e  is,  and  so  forth  (L.34). 

In  Figure  15  for  x  ■  0  the  values  of  e  are  indicated 
for  some  liquids  without  additives  (8.56;  4.89  and  3.44).  For 
x  *  1  at  the  point  of  convergence  of  the  curves  e  of  diethyl¬ 
ether  is  equal  to  4.38, 

In  the  case  of  mixing  of  weakly  polar  and  non-polar 
liquids  the  situation  is  apparently  somewhat  different.  From 
the  curve  for  a  mixture  of  transformer  oil  and  chlorobenzine 
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Fig.  14.  Values  of  E.  of 
various  liquids  in  mixture 
with  diethylether.  1-trichlor- 
ethylene;  2-chloroform;  3- 
methylenechloride 


Fig.  15.  Values  of  the 
dielectric  constant  of  mixtures 
with  diethylether.  1-trichlor- 
ethylene;  2-chloroform;  3- 
methylenechloride 


in  Figure  13  it  is  apparent  that  there  are  two  extremum  points. 
For  an  addition  of  301  chlorobenzine,  a  minimum  in  Ebr  appears. 
Therefore,  the  general  rule,  according  to  which  the  breakdown 
voltage  decreases  with  a  rise  in  fe,  is  not  applicable  in  the 
given  case. 

In  reference  CL. 41)  a  carefully  purified  and  thoroughly 
degassed  sample  of  N-hexane  was  studied.  Its  breakdown  voltage 
was  equal  to  0.89  mv/cm.  Admixtures  of  nitrogen  did  not  change 
this  voltage,  but  an  addition  of  oxygen  caused  it  to  rise  to 
1.3  mv/cm. 

For  liquid  argon  when  oxygen  was  added  Ebr  also  rose. 

The  corresponding  experimental  data  have  been  collected  in 

Table  7.  They  were  obtained  with  direct-current  voltage  and 

-3  -2 

with  l  equal  to  from  2  times  10  to  10  cm  (L.42  and  43). 

From  the  Table,  it  is  clear  that  an  addition  of  201 
oxygen  increases  E^r  of  liquid  argon  by  approximately  a  factor 
of  two  in  the  case  of  an  aluminum  anode;  and  for  a  steel 
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anode  by  60$.  An  explanation  for  the  mechanism  of  this 
phenomenon  will  be  presented  in  Article  4-3. 

Table  7 

Breakdown  voltage  for  a  mixture  of  liquid  argon  and  oxygen  with 
electrodes  (spheres)  of  aluminum  and  stainless  steel. 


Liquid 

Breakdown  voltage,  mv/cm 

• 

Anode  of 
Aluminum 

Anode  of 
Stainle'ss  Steel 

Technical  liquid  argon  + 

, 

20$  oxygen  . 

1.350 

1.710 

The  same  +  1$  oxygen  . 

1.330 

1.680 

The  same  +  0.002$  oxygen  ....... 

Spectroscopically  pure  liquid 

0.686 

1.070 

argon  +  0.002$  oxygen  . 

0.761 

0.888 

Here  we  may  make  mention  of  the  capability  of  liquid 
chlorodiphenyls  to  form  compounds 'with  polar  organic  crystals 
which  have  a  relatively  small  e.  Some  mixtures  which  are 
formed  in  the  solution  of  such  crystals  have  a  higher  e  than 
the  components  which  make  up  the  solution.  For  example,  a 
mixture  of  75$  pentachlorodipheny.l  and  25$  2,4-dinitrodiphenyl 
has  an  e  of  15.8,  and  for  50$  e  of  the  mixture  increases  to 
25.4.  Mixtures  of  pentachlorodiphenyl  with  O-nitrodiphenyl 
and  o-nitronaphthaline  yield  heightened  values  of  e.  However, 
the  interaction  forces  between  charged  particles  decrease  by 
a  factor  given  by  e;  therefore,  dissociation  of  the  molecules 
occurs  and  the  electrical  properties  are  degraded  (L.49). 

2-2  The  Effect  of  Moisture  and  Mixtures  on  E^  of  Liquids 

Even  a  small  content  of  water  in  insulating  liquids 
causes  a  noticeable  drop  in  the  value  of  Ebr*  For  transformer 
oil  we  may  get  an  idea  of  this  from  the  curves  of  Figure  16, 
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obtained  by  various  investigators  with  direct-current  and 
alternating-current  voltages.  It  turned  out  that  in  order 
to  obtain  a  sharp  drop  in  E^r  it  was  sufficient  to  have 
moisture  content  in  the  area  of  only  hundredths  of  a  percent. 
Further  humidification,  however,  produces  no  noticeable  effect 
on  Ejjr  (L.  44)  • 


In  the  preceeding  paragraph  data  were  presented  on  the 
temperature  dependence  of  E^  of  various  liquid  dielectrics  and 
a  hypothesis  was  stated!  regarding  the  possible  influence  of 
processing  methods  and  of  impurities  on  the  trend  of  the  curves 
of  Ebr  *  f(T).  To  serve  as  an  illustration  of  this  in  Figure  17 
the  temperature  dependences  of  E^  for  transformer  oil  are  pre¬ 
sented  with  a  varying  content  of  moisture  (L.45).  With  an 
increase  in  moisture  E^,  as  always,  decreased,  but  the  appear¬ 
ance  of  a  temperature  maximum  in  E^r  at  T  about  equal  to  65  *C 
may  be  considered  typical.  It  is  a  curious  fact  that  in  the 
cooling  of  the  oil  the  curve  again  passed  through  a  maximum. 

The  addition  of  water  made  this  maximum  sharper  and  more  pro.- 
"jinent 


mv/cm  KE 


'  mv/c: 


Fig.  16,  The  effect  of  moisture 
on  E.  of  transformer  oil.  1- 
accordinp  to  Snats;  2-  according 
to  Peak;  3-according  to  Frieze 


Fig.  17.  The  dependence  of  ] 
E,  of  transformer  oil  on  f 
temperature  for  varying  con-  1 
tent  of  water  C.  1-C  less  than  ! 
0. 002% ;2-C  -  0.0012.;3  -  0.0051;; 
4-C  -  0.11 


Minerals  may  contain  water  in  three  different  forms 
(L.46):  1)  in  a  dissolved  state;  2)  in  the  form  of  an  emul¬ 

sion,  i.e.,  droplets  with  diameter  of  about  10  microns,  and 
3)  in  the  form  of  a  sediment  on  the  bottom  of  the  vessel  with 
oil  (coarse  drops).  With  heating  of  the  oil  the  water  from 
the  sediment  may  go  into  the  first  or  second  form.  Apparently 
transitions  are  possible  from  the  second  form  into  the  first. 

It  was  revealed  that  in  such  transitions  the  breakdown  changes 

noticeably.  The  dissolved  water  has  almost  no  effect  on  E. 

br 

(I.JJ5),  and  in  the  emulsified  form  it  causes  this  ouanity  to  fall, 

°ne  may  surmise  that  the  curves  in  Figure  16  were  recorded  when  the 
water  was  contained  in  the  form  of  an  emulsion. 

In  proportion  with  the  rise  in  temperature  and  the 
transition  of  the  water  from  an  emulsified  state  to  the  dissolved 
state,  Ebr  will  increase  until  other  factors,  lowering  this 
quantity,  for  instance  gas  bubbles,  begin  to  manifest  themselve. 

Gases  may  also  exist  in  insulating  liquids  in  the  dissolved  and 
emulsified  states  (see  L.47). 

In  nonpolar  llouids  such  as  transformer  oil,  benzine,  hexane 
etc.,  saturation  by  aqueous  solution  at  room  temperature  is 
expressed  in  hundredths  of  a  percent.  When  surface-active  sub¬ 
stances  (organic  acids)  are  present  in  liquids  the  conditions 
are  created  for  a  large  solubility  of  water  on  account  of  the 
formation  of  emulsions.  Thus  in  liquids  with  admixtures  of 
polar  surface-active  substances  there  always  exist  water  emulsions. 

The  amount  or  water  in  molecular-solution  form,wh  ©ii  increasing  the 
temperature,  initially  drons  to  a  certain  minimum, and  then  it  begins 
to  grow.  In  the  purification  of  transformer  oil  with  concentrated  HgSO^ 
usually  some  amount  or  other  of  the  aromatic  phase  is  removed  and 
consequently  also  the  surface-active  substances.  This  situation  alters 
the  content  of  water  emulsion  exerts  an  Influence  on  E^. 

Thus  the  breakdown  voltage  will  be  determined  both  by 
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the  overall  content  of  the  water  in  the  insulating  liquids 
and  by  its  distribution  coefficient  between  the  molecular 
and  the  emulsion  form  (L.48). 

The  appearance  of  a  temperature  maximum  of  Efer  of 
transformer  oil  with  the  specified  content  of  moisture  may 
be  explained  by  a  change  in  this  coefficient.  For  thoroughly 
dehydrated  oil,  E^  does  not  rise  with  an  increase  in  tempera¬ 
ture. 

The  temperature  maximum  of  Ej)r  is  observed  also  in 
certain  other  liquid  dielectrics  with  impurities.  In  Figure 
18,  for  instance,  a  curve  for  the  dependence  of  E^  *  f(T) 
for  xylene  is  presented.  An  addition  of  0.25%  water  and  0.2%  ; 

naphthenic  acid  is  made  to  the  liquid.  The  maxima  of  E^r  are  J 

easily  discernible  at  SO  and  45°C  respectively.  i 

* 

I*\  humidification,  j 

various  tynes  f»as  saturation  ; 
and  contamination  as  a  rule  - 

degrade  the  electrical  pro-  ■ 

perties  of  liquid  dielectrics  | 

it  follows  that  drying,  degassing  ! 
and  filtering  act  essentially  ! 

in  the  reverse  direction.  The 
effect  of  various  methods  of 
purification  may  be  shown  in 
an  example  for  silico  organic 
liquids.  They  were  dried  in 
the  presence  of  metallic  sodium 
and  filtered  through  glass  fil¬ 
ters.  Suspended  particles  of 

x 

a  diameter  greater  than  10  mm 
were  thereby  retained.  In  order  to  remove  dissolved  gas,  distil- 
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Fig.  18.  The  breakdown  voltage 
of  xylene  with  admixtures  at 
various  temperatures.  1-AC  vol¬ 
tage;  2-DC  voltage 
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lation.  The  measuring  vessel  was  made  of  glass  and  the 
electrodes  were  also  carefully  cleaned.  The  gap  between  the 
electrodes  broke  down  at  l  -  8  x  10  ^  nun.  with  DC  voltage 
(L.27). 


The  experimental  data  obtained  are  reported  in  Table  8. 


Table  8 

The  effect  of  purification  and  degassing  on  the  breakdown  voltage 
silicoorganic  liquids 


Method  of  purification 

Breakdown  voltage  with  DC  mv/cm 

dimer 

trimer 

tetramer 

pentamer 

/ 

Distillation  and  filtra- 

1 1  op  , . . 

0.93 

0.98 

1.04  • 

1.100 

Distillation,  filtration, 

and  d  ftp  nr.  sin  a . ....' 

/ 

0.96 

1.00 

1.11 

1.160 

Drying,  distillation,  fil¬ 
tration  and  degassing.. 

0.98 

1.03 

1.14 

0.117 

In  connection  of  the  question  of  impurities  in  oils 
mention  should  be  made  also  of  the  silico  organic  mixure 
of  domestic  manufacture  (kaloriya-2)  with  e  about  equal  to 
2.5  and  Ebr  about  equal  to  0.3  rav/cra  (J.. 49).  It  is  a  mixture 
of  products  with  different  molecule  chain  lengths.  Therefore 
it  boils  at  a  relatively  low  temperature.  At  150*C  the  low 
boiling  fractions  have  already  begun  to  come  off.  This  situa 
tion  detracts  from  the  quality  of  the  products  and  limits  its 
applicability  (L.50). 

At  the  present  time  in  the  Soviet  Union  new  silico 
organic  compounds  have  been  developed  —  bistrialkylsiloxane- 
benzenes  (L.SO,  51,  and  52).  They  differ  from  the  kaloriya-2 
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in  the  position  of  side  chains.  Some  of  the  electrical 
properties  are  enumerated  below: 


Molecular  weight  . 

Boiling  temperature  at  760  mmHg 

Melting  temperature  . 

Plash  temperature  . 

Density  at  20°C  . 

Viscosity  at  20° C  . . 

Dielectric  constant  . 

Dielectric  loss  tangent 

angle  at  50  hz  . 


. 366-506 

. 330-400°C 

below  -60° C 

. 185-215°C 

. 0.90-0.92 

.from  6  to  36  centistokes 
. 3-4 

.from  8  to  13  x  10~4 


For  AC  voltage  and  for  l  about  equal  to  2  mm  the 
breakdown  voltage  of  unpurified  and  undegassed  liquids  amounts 
to  about  0.15  mv/cm.  There  is  no  doubt- but  that  the  cor¬ 
responding  purification  allows  their  electric  strength  to  be 
increased  significantly.  The  presence  of  side  chains  however, 
as  was  shown  in  Article  1-4  and  1-5,  reduces  somewhat  the 
value  of  such  products.  Evidently  the  silicofluoroorganic 
liquid  dielectrics  have  the  greatest  prospects  (L.53). 

Fluoroorganic  liquids  are  generally  slightly  hydroscopic. 
But  even  with  an  insignificant  amount  of  moisture  their  elec¬ 
trical  properties  deteriorate  drastically  (L.49).  We  may  get 
an  idea  of  this  from  the  data  of  Table  9. 

The  breakdown  voltage  for  a  specified  gap  between  elec¬ 
trodes  may  be  lowered  by  more  than  a  factor  of  2  with  humidity, 
and  the  resistivity  may  be  lowered  by  a  factor  of  3  or  4. 

Experiments  showed  that  suspended  matter  of  various 
type  s  significantly  degrades  the  electric  strength  of  liquid 


dielectrics.  It  is  clear  from  the  example  with  xylene  which 
was  not  thoroughly  purified.  For  DC  voltage  and  for  l  ■0.4mm 
its  breakdown  voltage  was  equal  to  3-7. S  kv.  However  after  a 
filtration  through  a  pot  of  unfired  clay  ubr  increased  to 
27.6  kv  (L. 54) . 


Table  9 

The  effect  of  moisture  on  breakdown  voltage  and  resistance 
of  flouroorganic  liquids 


Chamlcal  Composition 
of  Liquids 

£> 

II 

c  * 

A 

Ufcr  attar  storing  In  an 
‘  atmosphara  of  90% 
ralatlva  humidity  KV 

« 

RHO  In  tlMdry 
condition.  OHM  CV 

HO  attar  storing  In  an 
atmosphara  of  90% 
ralatlva  humidity  OHM  CM 

Attar  parlod 
of  10  days 

Attar  parlod 
of  «0  days 

Attar  parlod 
of  10  days 

Attar  parlod 
of  00  days 

C-CgFsgO . 

40 

17 

17 

101» 

5‘10» 

, — 

(c.fJ.o . 

40 

15 

1.7 

1011 

210** 

3.10” 

(Cf,hk . 

40 

<  15 

J0»» 

4.  Id* 

— 

We  may  supplement  the  above  paragraph  somewhat  with 
a  report  on  the  electric  strength  of  insulating  liquids  con¬ 
taining  metallic  powder.  If  the  partidles  of  diameter  4  to 
40  microns  are  added  to  benzine,  vaseline  oil  or  ethyl  ether 
then  for  a  DC  voltage  between  the  electrodes  bridges  are  formed 
whose  resistance  remains  relatively  high,  fuch  bridges  of 
particles  of  copper  with  diameter  of  about  40  microns  in  ben¬ 
zine  have  a  resistance  of  about  25  ohm  (L.55).  But  the  break¬ 
down  voltage  of  the  indicated  liquids  containing  metal  dust  is 
approximately  the  same  (about  4  kv/cm). 

In  carrying  out  the  indicated  experiments  it  was  noted 
that  the  suspended  particles  were  in  rapid  motion  in  the  direc¬ 
tion  toward  the  cathode.  The  dielectric  constant  of  metallic 
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particles,  as  is  well  known,  is  quite  large,  and  according 
to  the  Cohen  rule  they  must  carry  a  positive  charge. 

2-3.  The  Role  of  Dissolved  Gasses  and  External  Pressure. 

In  Article  1-3  the  statement  was  made  that  as  far  as 
the  gaseous  state  was  concerned  liquids  act  as  if  they  were 
compressed  under  a  pressure  roughly  equal  to  2000  atmospheres. 
Therefore  under  the  action  of  external  pressure  amounting  to 
several  tens  of  atmospheres  they  compress  practically  not  at 
all.  Their  density  remains  the  same  and  there  is  no  reason- 
for  any  of  their  parameters  to  change.  The  breakdown  voltage 
under  such  circumstances  would  not  have  to  change  if  the  liquids 
did  not  contain  any  dissolved  gasses  which  under  the  application 
of  a  voltage  have  a  tendency  to  accumulate  into  small  bubbles. 

It  was  noted  that  this  process  depends  on  the  external  air  pres¬ 
sure  above  the  liquid. 

The  mechanism  of  bubble  formation  is  not  completely  clear. 

It  is  not  known  whether  they  originate  directly  from  the  molecular- 
dissolved  gas  or  whether  the  latter  converts  first  of  all  into  an 
emulsified  state;  finally,  coagulation  processes  are  also  possible 
in  the  presence  of  emulsions.  According  to  the  data  of  reference 
(L. 56) ,  the  ciirves  of  the  dependence  of  E^  =  f(n)  for 
liquids  saturated  with  air  at  atmospheric  pressure  do  not  differ 
greatly  from  the  same  curves  for  liquids  containing  no  more  than 
a  few  percent  of  the  amount  of  air  which  they  adsorb  upon  satura¬ 
tion.  The  conclusion  drawn  from  this  is  that  the  bubbles  do  not 
form  from  the  gas  dissolved  in  the  liquid  as  was  assumed  in 
reference  (L.57  and  58).  Experiments  showed  further  that  E^ 
of  liquids  depends  on  the  external  pressure  even  when  the  cathode 
is  in  the  form  of  a  point.  Inasmuch  as  the  service  of  the 
electrode  in  this  case  is  very  small,  the  conclusion  was  drawn 
to  the  effect  that  the  bubbles  do  not  from  from  the  gas  adsorbed 
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on  the  surface  of  the  cathode,  as  was  confirmed  in  reference 
(L. 59-61). 


In  Figure  19  a  series  of  curves  of  the  dependence  of 
on  pressure  --  above  and  below  atmospheric  pressure  -- 
for  various  liquids  is  presented  (L.62,  63,  and  64). 


Fig. 19.  The  dependence  of 
E.  of  insulating  liquids 
for  DC  and  AC  voltages  as  a 
function  of  external  pressure. 
The  upper  curves  were  obtained 
for  pressures  below  atmospheric 
and  the  lower  curves  for  the 
pressuresabove  atmospheric. 
1-xylene; 2-hexane;  3-transfor- 
mer  oil;  4-petroleum;  5-castor 
oil;  6-transformer  oil  with 
AC  voltage  at  50  hz;  7-the  same 
but  with  AC  voltage  at  20  hz; 
8-the  same  but  with  DC  voltage. 


At  pressures  below  atmospheric  the  dependence  E^  •  f(P) 
3 s  linear: 

Bbr  "  A  +  BP»  (?) 

where  A  and  B  are  constants.  Numerical  values  of  A  and  B  for 
some  liquids  are  given  in  Table  10. 


According  to  the  data  of  reference  (L.64)  for  some 
unpurified  liquids  E^r  rises  relatively  steeply  up  to  a  pressure 
of  50  atmospheres(gaug§).  After  that  a  slowdown  in  the  growth 
of  E^r  an  finally  and  end  to  its  growth  at  P  greater  than 
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70  atmospheres  (gauge)  is  observed,  for  instance  for  petroleum 
and  transformer  oil.  For  DC  voltage  (curve  8  in  Fig.  19)  this 
growth  turned  out  smaller  than  for  AC  voltage  (curves  6  and  7). 

Table  10 


Numerical  values  of  th  e  constants  A  and  B  in  the 
formula  (7)  for  certain  liquids 


Liquids 

A/mv/cm 

B/mv/cm 

A/M  gauge 

Transformer  Oil  . . 

0.122 

0.080 

Xylene  . . . 

0.159 

0.230 

Hexane  . 

0.144 

0.320 

Undoubtedly  the  degree  of  degassing  of  the  liquids  and 
the  duration  of  voltage  application  must  exert  a  significant 
effect  on  the  size  of  E^r  under  the  indicated  conditions.  At 
a  temperature  close  to  the  boiling  point  the  separation  of  masses 
is  intensified  and  Ebr  drops  sharply.  This  is  illustrated 
very  well  by  the  curves  Ebr  s  f(P)  in  Figure  20.  They  are 
recorded  in  experiments  with  xylene.  Breakdown  occurred  with 
a  gap  of  several  tenths  of  a  millimeter  with  DC  voltage.  The 
temperature  varied  within  the  limits  from  16  to  145°C  (L.65). 

The  dotted  lines  in  Figure  20  indicated  the  boiling  point  of 
xylene  for  thfe  given  pressure  above  the  liquid. 

Inasmuch  as  a  certain  time  is  required  for  formation 
of  gas  bubbles  and  the  formation  therein  of  the  shock  ionization 
process,  the  dependence  of  Ebr  on  the  pressure  above  the  liquid 
would  have  to  be  determined  in  some  degree  by  the  duration  of 
application  of  voltage.  In  the  literature  of  former  years  one 
may  find  statements  to  the  effect  that  Ebr  of  many  liquids  sub- 
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jected  to  voltage  pulses 
(aperiodic  pulses)  does 
not  depend  on  the  external 
pressure  (L.65).  This 
fact  is  established  in 
experiments  with  xylene 
(Z  -  0.5  and  0.8  mm) , 
transformer  oil  (Z  *  0.5  mm) 
and  hexane.  This  kind  of 
regularity  was  established 
with  temperatures  greater 
th3n  and  less  than  atmos¬ 
pheric. 

Tt  is  necessary  to  observe  that  aperiodic  pulses,  especially 
with  a  steep  front  and  sharp  drop  in  amplitude,  are  not  altogether 
convenient  for  investigations  of  this  type.  Liquids  especially 
break  down  with  a  definite  delay  interval.  For  instance,  accor¬ 
ding  to  the  data  of  reference  (L.56),  this  delay  time  for 
liquid  hydrocarbons  of  the  paraffin  series  equals  1  micro¬ 
second  for  I  *  33  microns,  and  amounts  to  3.5  microseconds  for 
l  ■  200  microns.  In  the  investigation  of  xylene  and  transformer 
oil  (L.65)  gaps  of  0.5  to  0.8  mm  experienced  breakdown  and  the 
delay  time  could  equal  as  much  as  several  microseconds.  If 
these  were  realized  with  steep  aperiodic  pulses,  then  could 
not  really  depend  on  pressure,  but  only  by  reason  of  a  com¬ 
paratively  delay  time  in  the  breakdown. 

In  experiments  with  souare  pulses  (L.56)  it  was 
shown  that  Ej)r  of  many  liquids  rises  with  an  increase  in  external 
pressure.  The  corresponding  curves  are  presented  in  Figure  21. 

They  were  recorded  with  snuare  pulses  of  duration  of  4.5 
microseconds.  Breakdown  was  produced  in  a  gap  with  Z  ■  200 
microns  between  hemispherical  electrodes  of  stainless  steel  with 


D  about  equal  to  6  mm. 


It  is  seen  from  Figure  21  that  the  degree  to  which 
Ebr  rises  with  an  increase  in  pressure  depends  on  the  chemical 
nature  of  the  liquids.  Apparently  a  basic  role  is  played 
in  this  process  by  the  capacity  of  the  liquids  to  liberate  and 
to  adsorb  gas,  and  also  by  the  condition  for  formation  of 
bubbles  at.  the  moment  that  the  voltage  is  applied. 


Fig.  21.  The  dependence  of  E, 
of  degassed  liquids  on  external 
pressure.  1-hydrocarbon  sub¬ 
stituted  with  four  chlorines'; 
2-N-decane;  3-toluene;  4-N- 
heptane;  5-N-hexane;  6-ben- 
zine;  7-chlorobenzine;  8- 
ethyl  alcohol ;  9-methyl  alcohol 


The  same  sort  of 
dependence  of  E^r  on 
external  pressure  is 
found  also  with  souare 
N-hexane  subjected  to 
snuare  pulses  of 
other  durations  lying 
in  the  range  from  1  to 
1000  microseconds  (see 
Figure  22).  The  shape, 
electrode  material  and 
distance  between  them 
were  the  same  as  in  the 
curves  recorded  in  Figure 
21. 

The  statements  above 
however,  do  not  constitute 
an  exhaustive  treatment  of 
the  dependence  of  E^r  3  f(P) 
by  any  means.  There  are 
indications,  for  instance, 
that  the  increase  in  E^ 
with  a  rise  in  pressure  is 


connected  with  the  emulsified  state  of  a  gas  in  the  liquid  (L.47). 
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Experiments  of  this  sor^  were  performed  with  DC  voltage  using 
toluene  twice  distilled  under  vacuum.  Electrodes  of  stainless 

steel  had  the  shape  of 


Fig.  22.  Dependence  of  E.  of 
degassed  N-hexane  on  pressure 
with  pulses  of  varying  dura¬ 
tion  t  1-t  *  1  microsecond; 

2-t  »  1.5  microseconds;  3- 
t  ■  2  microseconds;  4  -  -r  ■ 

4.5  microseconds;5-t  3  10 
microseconds;  6-t  *  28  micro¬ 
seconds;  7-t  «  100Q  microseconds 


hemispheres.  Above  the 
surface  of  the  degassed 
toluene  the  pressure 
varied  from  50  to  350  mmHg. 
The  breakdown  voltage  of 
the  liquid  in  this  case  did 
not  change.  The  same  was 
observed  also  after  the 
toluene ,  passing  through 
a  U-shaped  tube  containing 
calcium  chloride  and  phos¬ 
phate  anhydride  ,  was 
saturated  with  dry  air,  but 
in  such  a  way  that  the  gas 
existed  in  the  molecular- 
dissolved  state. 


The  following  series 
of  experiments  with  the 

same  degassed  toluene  was  carried  out  in  such  a  way  that  after 
saturation  of  the  liquid  under  study  with  air  it  was  shaken 
over  an  interval  of  thirty  minutes  until  the  emulsified  gas 
appeared.  As  a  result  of  this  Ej)r  of  the  toluene  dropped  sig¬ 
nificantly. 


Quite  interesting  data  were  obtained  in  experiments  with 
oil  for  filling  cables  (L.66).  At  20°C  they  all  had  a  viscosity 
of  25  centistokes.  The  dry  air  pressure  above  the  surface  of 
the  oil  varied  from  5  x  10”^  to  1000  mmHg.  With  DC  voltage 
breakdown  occurred  in  a  gap  with  l  ■  0.5  ram  between  platinum 
electrodes.  The  breakdowns  were  experienced  only  after  full 


equilibrium  had  been  attained  for  the  gas  dissolved  in  the 
oil  with  free  gas, above  the  surface.  If  the  oil  had 
previously  been  saturated  with  dry  air  at  a  pressure  greater 
than  that  above  the  surface,  its  E^r  was  significantly  lowered. 
In  order  to  attain  equilibrium  the  liquid  was  held  over  a  period 
of  24  hours  at  the  given  temperature  and  pressure.  Only  after 
this  step  were  the  measurements  of  E^r  made  with  ten  different 
tests  of  the  oil.  In  this  case  the  gas  evolved  in  the  break¬ 
down  did  not  destroy  equilibrium.  It  turned  out  that  the 
breakdown  of  the  oil,  equal  to  0.4  mv/cm,  under  such  conditions 
did  not  depend  on  external  pressure. 

The  authors  of  reference  (L.66)  are  of  the  opinion  that 
ions  or  charged  suspensions  in  motion  along  the  field  separate 
the  oil  particles  as  if  by  pushing  them  apart  and  form  cavities 
in  which  the  gas  accumulates.  With  field  strength  sufficient 
for  ionization  of  the  gas  in  these  cavities  breakdown  of  the 
liquid  occurs. 

Apparently  with  a  given  pressure  the  liquid  can  adsorb 
completely  a  definite  quantity.  With  a  reduction  in  pressure 
the  adsorbed  gas  is  liberated.  It  is  possible  that  this 
process  facilitates  the  dissolution  of  eas  into  micro¬ 

scopic  bubbles. 

From  the  curves  of  Figure  21  and  22  it  is  seen  that 
even  for  degassed  liquids  Ebr  depends  upon  external  pressure. 
This  dependence  assumes  that  gas  is  present  in  the  liquids  and 
that  it  plays  a  role  in  the  formation  of  breakdown.  But  what 
is  the  source  of  this  gas  which  appears  in  degassed  liquids? 

In  order  to  find  an  answer  to  this  question  experiments  were 
set  up  and  performed,  and  the  details  have  been  reported  in 
references  (L.67  and  68).  The  experiments  were  conducted  with 
colorless,  well-purified  and  degassed  mineral  oil.  The  evolu- 
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tion  of  gas  at  the  moment  that  the  field  was  imposed  was  i 

recorded  by  a  manometer  installed  over  the  surface  of  the  j 

liquid.  • 

The  experimental  curve  of  gas  evolution  from  the  liquid 
corresponding  to  various  E  is  presented  in  Figure  23.  Here 
the  pressure  in  the  manometer  is  plotted  along  the  ordinate 
axis  and  the  time  in  hours  is  plotted  along  the  axis  abscissas. 

With  an  increase  in  E  the  amount  of  gas  liberated  rose. 


mm  Hg 


Fig.  23.  Intensity  of  gas 
liberation  from  mineral  oil 
as  a  function  of  time  for 
various  voltages.  1-11  kv 
(0.151  mv/cm);  2-  10  kv 
(0.138  mv/cm);  3-9kv  (0.125 
mv/cm);  4-8  kv  (0,110  mv/cm); 
S-7  kv  (0.097  mv/cm);  6-6  kv 
(0.083  mv/cm);  7-5  kv  (0.069 
mv/cm);  8-4  kv  (0.055  mv/cm). 


The  following 
empirical  expression  was 
found  for  the  rate  of  gas 
liberation:  dP/dx  (L.67)‘: 


dP_ 

ix 


k(U  —  UfP*  lJU«  PT.  CT./'fflcJ,  (  p  ) 


where  U  is  the  applied 
voltage  in  kv;  Ug  is  the 
voltage  in  kv  at  which  gas 
evolution  begins;  k  is  a 
constant;  and  P  is  the  gas 
phase  pressure  in  mmHg. 

For  voltages  below 
40  kv/cm  gas  evolution  is. 
not  observed.  The  authors 
of  reference  (L.67)  connect 
the  process  of  gas  evolution 
with  the  destruction  of 

molecules  of  liquid  by  cold  emission  electrons  from  the  cathode 
and  they  believe  that  the  latter  becomes  significant  at  a  voltage 
of  40  kv. 
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According  to  the  data  of  reference  (L.68),  the  rate 
of  gas  liberation  from  transformer  oil  is  a  linear  function  <j 
voltage.  Evolution  of  gas  ceased  at  E  »  from  12  to  lo  kv/cm. 


Apparently  the  indicated  process  is  determined  by  the 
degree  of  purification  of  the  oil  and  by  tfte  chemical  composi¬ 
tion  of  the  petroleum  from  which  it  is  obtained.  Cessation  f'as 
evolution  may  be  attained  not  only  by  a  lowering  of  the  voltage, 
but  also  by  an  increase  in  the  pressure  above  the-liquid.  This 
situation  would  also  seem  to  confirm  the  hypothesis  which  states 
that  the  gas  dissolved  in  the  liquid  or  formed  as  a  result  of 
disintegration  of  molecules  stimulates  the  formation  of  bubbles 
when  it  comes  out  to  the  surface.  When  the  pressure  is  increased 
fewer  such  bubbles  are  formed  and  Ebr  of  the.,  liquid  increases, 
but  there  does  not  exist  as  yet  a  clear  understanding  with  res¬ 
pect  to  this  question. 


It  is  worthwhile  to  mention  that  in  addition  to  the 
external  pressure  the  liquid  is  subjected  to  an  internal 
pressure  (P)  at  every  point  of  the  field  when  a  voltage  is 
applied.  A  mathematical  expression  for  the  size  of  this 
pressure  had  been  given  already  in  1881  by  Helmholtz: 


±P  —  li* 


24r. 


The  validity  of  this  formula  was  confirmed  not  long 
ago  in  reference  (L.69)  by  measuring  the  index  of  refraction 
in  carbon  tetrachloride  and  in  N-hexane.  Gaps  of  several 
hundredths  of  microns  were  studied  with  E  ®  0.5  mv/cm.  Mean¬ 
while  there  has  been  no  information  in  the  effect  of  this 
pressure  on  the  formation  of  gas  bubbles  in  the  insulating 
liquids. 
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2-4.  The  Effect  of  Electrical  Conductivity  on 

Usually  it  is  considered  that  the  principal  source 
of  charged  particles  in  highly  purified  and  non-polar  liquid 
dielectrics  is  external  ionizing  radiation.  According  to  the 
data  of  reference  i'L.70),  conductivity  in  N-hexane  way  be 
lowered  by  several  orders  of  magnitude  if  the  measuring  vessel 
is  placed  into  a  lead  housing  with  a  wall  thickness  of  6  cm. 

But  the  effect  of  ionizing  radiation  may  not  be  noticed  if 
the  charged  particles  which  have  been  formed  recombine  rapidly 
and  if  in  order  to  separate  them  it  is  necessary  to  apply  a 
relatively  large  field  intensity  (L.71  and  72),  as  for  instance 
in  liquid  oxygen  or  isooctane. 

The  source  of  the  current  carrier  may  also  be  colloidal 
particles  of  moisture  and  other  impurities,  and  for  large 
voltages  also  cold  emission  of  electrons  from  the  cathode  and 
even  weakly  bound  ion  complexes  (L.73).  Moreover,  there  is 
some  evidence  that  for  even  higher  field  intensities,  close 
to  breakdown  intensities,  electron  conductivity  occurs  in  some 
cases  (L.74),  but  there  is  no  more  detailed  Information  on  this 
at  the  present  time. 

It  is  well  known  that  in  the  case  of  a  significant 

increase  in  electrical  conductivity  for  insulating  liquids 

their  breakdown  voltage  falls.  This  is  most  noticeable  for 

DC  voltage.  Very  pure  liquids  ,  for  instance  N-hexane,  have 
-19  -1  -1 

a  o  of  about  10  ohm  cm  .  The  breakdown  of  this  compound 
is  also  quite  considerable.  The  question  arises  as  to  what 
influence  the  initial  electrical  conductivity  of  the  liquids 
has  on  their  breakdown  voltage.  It  would  seem  that  the  greater 
a  is  the  smaller  E^  would  have  to  be.  If  we  turn  to  the  analogy 
of  breakdown  in  gases  then  according  to  the  classical  theory 
of  Townsend  the  current  across  the  gap  between  electrodes  may 
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be  expressed  with  the  following  formula: 

i  t  (*— 

°  (i  +  i)«-C*i+»^“w<  *  (9) 

where  a,g,Y  are  ionization  coefficients,  and  JQ  is  the  initial 
current.  With  a  decrease  in  the  denominator,  when  (1+y)c* 
(aY+8)e^c'*’^*  J  must  rise  to  breakdown,  and  this  may  occur  if 
at  the  local  position  the  liquid,  begins  to  boil.  The  initial 
current  JQ  also  may  be  considered  one  of  the  parameters  which 
determine  the  formation  of  breakdown.  For  small  values  of  l 
and  for  DC  voltage,  when  the  emission  of  electrons  has  begun 
to  play  a  positive  role,  the  initial  conductivity  must  facilitate 
the  grouping  of  positive  ions  on  the  oxide  surface  of  the  cathode, 
and  consequently  must  reinforce  the  emission  of  electrons. 

However,  it  was  noted  long  ago  that  the  of  purified 
xylene  does  not  change  following  a  significant  raising  of  its 
c  by  the  addition  of  aniline  (L.54).  No  dependence  of  on 
the  electrical  conductivity  of  liquids  is  detected  nor  is  it 
for  some  types  of  mineral  oils. (L. 75).  The  same  situation  is 
obsn-  'ed  in  other  references. (L. 76,77-80) . 

From  the  statements  made  above  one  may  come  to  the 
conclusion  that  at  least  for  some  liquids  a  comparatively  small 
increase  in  electrical  conductivity  does  not  exert  an  effect 
on  E^r  even  with  DC  voltage. 

But  in  individual  cases  the  opposite  relationship  holds: 
with  a  rise  in  a  E^r  also  increases.  This  is  found  in  an 
investigation  of  distilled  water  and  certain  aqueous  solutions. 
Breakdowns  occurred  with  a  pulsed  voltage.  In  order  to  increase  the 
conductivity  solutions  or  NH^OH,  BAC1,  NAC1,  NAOH  and  HC1 
were  added  tc  the  water.  Some  of  the  data  obtained  are  presented 
in  Table  11  (L.81). 
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Table  11 

Breakdown  voltage  of  water  and  aqueous  solution 


.  Objtct  of  Study 

W 

3 

o  £ 

II 

> 

'  ?P 
III 

Breakdown 

volt .9.  KV 

NHjOH  (0  C5N)  (Aqu.oui  solution) . 

0.4 

jo.s-ur4 

25 

2.0 

10.5. 10“* 

-  2a 

TMWM  . . ' . 

•  a  1 

o  4 

1.  *1  !0"4 

IS 

OIMIIHd  W.l.r  . 

ThoS.m.  . * . .  * 

2.0 

I.43.10*4 

35 

From  this  table  it  is  seen  that  the  ionic  electrical 
conductivity  a  of  an  aqueous  solution  of  NH^OH  is  almost  seven 
times  greater  than  for  distilled  water.  But  its  breakdown  for 
l  *  0.4  mm  is  not  only  not  smaller,  but  is  even  greater  than 
for  water. 

In  the  following  chapter  (see  Article  3-4)  it  will  be 
shown  that  for  short  pulses  and  small  spark  gaps  the  electrical 
conductivity  of  liquids  also  does  not  have  an  effect  on  their 
Ebr.  This  has  been  established  for  the  breakdown  of  distilled 
water  (L.35)  and  of  transformer  oil  (1.82). 

The  dependence  of  Ebr  on  cr  for  short  pulses  may  be 
connected  with  the  decay  time  of  ions  in  liquids,  but  it  is 
very  d^^icult  to  explain  the  increase  in  Ebr  for  breakdown 
in  aqueous  solutions  of  NH^OH.  Inasmuch  as  the  breakdown 
was  experienced  in  comparatively  large  spark  gaps,  the 
formation  of  breakdowns  must  have  proceeded  with  the  significant 
participation  of  shock  ionization. 

The  thermal  form  of  breakdown  with  pulsed  voltage  is 
of  low  probability.  If  positive  ions  of  the  NH^OH  solution 
captured  on  a  large  scale  the  electrons  of  the  avalanche 
which  was  forming,  the  breakdown  voltage  would  actually  be 
able  to  increase.  For  inter^electrode  distances  of  0.4  to 
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2  mm  the  material  of  the  electrodes  does  not  need  to  exert 
a  noticeable  influence  (L.99),  and  consequently,  In  order  to 
explain  the  growth  in  E^r  it  is  hardly  fitting  to  infer 
processes  involving  electrons. 

In  regard  to  a  small  inter-electrode  distance 
(tens  of  microns)  for  DC  voltage  the  small  influence  of 
a  on  E^r  may  be  readily  explained  by  the  change  in  conditions 
pertaining  to  the  electrons.  When  positive  ions  accumulate 
at  the  oxide  coating  of  the  cathode,  an  equilibrium  condition 
is  apparently  established.  The  positive  space  charge  at  this 
electrode  reinforces  the  emission  of  electrons,  which  together 
with  the  positive  ions  will  cause  more  serious  damage  to  the 
coating  and  will  reduce  the  extent  of  the  emitting  surface. 
Therefore  a  not-too-considerable  change  in  o  will  have  a 
substantial  effect  neither  on  the  emission  of  electrons,  nor 
consequently  on  E^. 

It  is  necessary  however  to  mention  that  the  role  of 
electrical  conductivity  in  the  mechanism  of  forming  breakdown 
in  liquids  with  DC  voltage  is  still  unclear  in  many  respects. 
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CHAPTER  3 


< 


The  Effect  of  Statistical  Factors,  Electrode  Geometry  and  Volt-  i 

age  Application  Time  On  the  Electrical  Strength  of  Liquids  j 

1 

t 

3-1.  The  Spread  of  Experimental  Values  of  U^r  j  ■ 

•  j 

It  is  well  known  that  in  the  case  where  breakdowns  are 
repeated  within  the  same  liquid  under  fixed  conditions  the  val¬ 
ues  of  are  somewhat  different.  This  is  a  consequence  both 
of  unavoidable  errors  in  the  measurements  and  of  different  de¬ 
velopments  of  the  process  of  forming  breakdown  with  respect  to  l 

the  action  of  various  influencing  factors.  Moreover,  with  the  j 

high  temperature  of  the  spark  thermal  decomposition  of  the  li¬ 
quid  occurs  and  in  some  cases  the  carbon  is  reduced.  1 

Experiments  have  shown  that  the  spread  of  values  of 
for  liquid  dielectrics  under  specified  conditions  may  be  signif¬ 
icant.  But  in  a  uniform  field  the  dielectric  may  still  be  charac-  i 

\ 

terized  by  an  average  value  of  the  breakdown  voltage.  The  argu¬ 
ment  here  may  be  based  on  the  curve  in  Fig.  24,  which  was  con¬ 
structed  from  the  values  of  almost  500  separate  mesurements  of 
Ubr  in  various  tests  of  technically  pure  transformer  oil.  The 
maximum  and  minimum  values  of  U^r  were  summed  and  divided  by  the  j 

number  of  breakdowns.  The  transformer  oil  was  heated  prior  to  ! 

the  experiments  in  order  to  remove  moisture  and  it  was  also  filt¬ 
ered.  The  electrodes  were  molybdenum  spheres  of  d  «  1  omt  so 
that  their  surface  was  not  heavily  damaged  with  the  thermal  ac¬ 
tion  of  electrical  sparks.  Breakdown  was  produced  with  gaps  of 
1  =  2  mm.  For  the  experiments  a  large  quantity  of  oil  was  col¬ 
lected  for  each  test  in  order  that  the  decomposition  product  from 
the  breakdowns  would  not  have  a  strong  effect  on  the  results  of 
the  measurements.  The  electrodes  were  periodically  rubbed  clean 

t 

of  carbon  black  immediately  below  the  oil.  Thus,  although  the  i 

experiments  were  conducted  under  conditions  far  from  ideal,  it  1 

still  appears  to  be  true  that  one  may  characterize  a  technically 
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Fig.  24.  Dependence  of  breakdown  voltage  (1)  and 
per, cent  deviation  from  the  average  breakdown  voltage 
(2)  as  a  function  of  the  number  of  breakdowns. 

pure  insulating  liquid  by  some  average  value  of  l^r  (L.  83). 
Such  experiments  were  carried  out  with  other  liquids  as  well. 
Based  on  the  data  obtained  an  empirical  formula  was  proposed 
for  the  number  of  breakdowns  N  with  an  average  deviation  X  from 
the  average  value  of  : 

«  _  n-bJx-o)2 
N  »  ae  ' 

where  a,  b  and  c  are  constants  which  must  characterize  the  in¬ 
dividual  insulating  liquids. 


The  spread  of  values  of  1^  depends  on  the  degree  of  purity 
of  the  liquids,  as  one  might  argue  on  the  basis  of  the  data  from 
Table  12  (L.  84  §  85). 


Apparently,  a  large  role  in  this  is  played  also  by  the  chem¬ 
ical  nature  of  the  dielectric,  lor  example,  with  technical  and 
chemically  pure  benzene  the  difference  in  the  spread  of  U^r  is 
very  small.  The  influence  of  the  gap  width  between  electrodes 
was  also  established.  For  greater  width  the  spread  turned  out 
to  be  greater. 

For  the  case  of  very  carefully  degassed  electrodes  in  ex¬ 
periments  with  well  purified  N-hexane  certain  regularities  in 
the  changes  of  the  value  of  U^r  are  observed.  The  experiments 
were  performed  in  a  uniform  field  and  with  DC  voltage  .  The 
spark  gap  width  between  chrome  plated  spheres  with  d  =  IS  mm 
was  equal  to  0.25  mm.  The  discharge  current  was  limited  by  an 
18  megohm  ohmic  resistor.  After  breakdown  had  gone  to  comple- 
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tion  the  voltage  from  the  spark  gap  was  recorded  by  shunting 
with  the  aid  of  a  thyratron. 


Table  12.  Spread  in  the  Values  of  Breakdown  Voltage 
for  Some  Liquid  Dielectrics  Purified  by  Vatious  Methods 


Dielectric 

Degree  of 
Purification 

No.  of 
Breakdowns 

Spread  in 

U^r  values,  % 

Average  Uhr 
Value,  Mv. 

Transformer  Oil 

Technical 

66 

fmmSOtoSO 

022 

same 

treated  with  centrifuge 

66 

from  6  to  10 

031 

Benzene 

Technical 

so 

*14 

same 

Chemically  Pure 

60 

*12 

Air 

60 

*4 

Forty  breakdowns  were  produced  in  one  portion  of  N-hexane. 
After  the  first  ten  breakdowns  the  value  of  v  increased.  This 
increase  depended  on  the  electrode  material.  More  or  less  stable 
values  of  were  observed  only  after  30  to  40  breakdowns.  If 
the  electrodes  were  thoroughly  degassed,  this  increase  in  U^r  was 
not  observed. 

Analogous  data  were  obtained  in  the  breakdown  of  dried  and 
degassed  transformer  oil  with  short  pulses  and  electrodes  made 
from  brass  spheres  with  a  gap  of  2.5  mm.  The  reduction  began 
only  after  10  breakdowns  (L.  86  &  87).  For  not  too  pure  liquids 
the  increase  in  value  of  ubr  when  the  breakdowns  were  repeated 
may  be  considerable  (L.  82). 

From  these  statements  one  may  conclude  that  the  spread  in 
values  of  Ubr  is  determined  by  many  factors.  If  the  discharge 
current  is  severely  limited  but  the  electrodes  not  degassed, 
then  in  the  first  breakdowns  no  drop  in  U^r  will  have  occurred 
from  the  thermal  decomposition  of  the  liquid,  and  the  electrodes 
are  to  some  degree  degassed. 
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In  what  way  should  we  characterize  liquids  in  respect  to 
their  purity?  Frequently  we  use  the  expression  "technically 
pure  liquids”.  Normally  this  signifies  that  the  liquid  has  been 
purified  chemically,  and  has  been  dried. and  filtered  to  such  an 
extent  that  technological  conditions  are  satisfied.  Sometimes 
the  liquids  are  purified  by  an  electrical  method.  In  this  case 
charged  particles  at  the  electrodes  are  neutralized.  However, 
when  there  is  a  significant  difference  in  the  dielectric  con¬ 
stants  of  these  particles  and  of  the  medium  they  may  again  acqui¬ 
re  a  charge  (L.  88) . 

In  order  to  obtain  very  pure  liquids,  it  is  necessary,  in 
addition  to  chemical  treatment,  filtration  and  thorough  drying, 
to  remove  the  gases  disolved  in  them  also,  for  instance,  by  heat¬ 
ing  under  a  vacuum.  Good  results  are  gotten  from  distillation 
and  filtration  through  glass  filters  with  subsequent  dehumidifi¬ 
cation  with  suitable  moisture  absorbers  (calcium  chloride,  phos¬ 
phate  anhydride,  metallic  sodium,  etc.).  These  operations  are 
usually  conducted  in  clean,  glass  vessels  dried  under  vacuum  at 
an  elevated  temperature.  All  unions  and  stopcocks  must  be  used 
without  grease,  in  order  to  protect  the  liquid  from  contaminants. 

3-2.  Breakdown  Voltages  for  Various  Interelectrode  Distances 
and  the  Influence  of  the  Area  of  These  Electrodes 

Over  the  last  several  years  investigations  of  many  carefully 
purified  liquid  hydrocarbons  have  been  carried  out  with  short 
sauare  pulses  and  interelectrode  gap  measuring  several  tens 

of  microns.  In  these  experiments  quite  high  values  of  E were 
obtained.  Some  authors  are  inclined  to  consider  these  values 
to  be  genuine  for  very  pure  liquids.  However,  the  smaller  val¬ 
ues  of  E^r  obtained  by  other  investigators,  even  though  they  re¬ 
sulted  with  other  voltage  forms  and  with  a  wider  spark  gap,  are 
thought  by  the  authors  to  be  attributable  to  insufficiently 
thorough  purification  of  the  compounds  under  study. 
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On  the  basis  of  such  affirmations,  for  instance,  in  the  re¬ 
view  (L.  87),  an  unconvincing  attempt  is  made  to  cast  doubt  on 
the  established  connection  between  E^r  and  E  of  the  liquids- (L. 

34)  as  well  as  the  existence  of  partial  breakdowns  in  the  pre¬ 
discharge  time  period  for  xylene  (L.  89). 

From  the  experimental  material  which  exists,  actually  it  is 
possible  to  arrive  at  the  conclusion  that  Ej)r  f  the  same  liquid 
grows  with  a  reduction  in  the  interelectrode  gap  with  l.  An  es¬ 
pecially  sharp  growth  is  observed  with  a  decrease  in  l  down  to 
tens  of  a  micron,  but  this  depends  also  on  wave  form  of 
the  applied  voltage  and  on  some  other  factors. 

So  far  there  are  no  universal  investigations  which  would 
have  captured  the  effect  of  all  possible  factors  for  one  arbi¬ 
trary  liquid.  There  are  only  the  data  on  the  change  in  Ebr  for 
various  liquids,  for  various  voltage  wave  forms  and  in  a  rather 
narrow  range  of  interelectrode  gap  widths. 

In  Fig.  25  curves  are  presented  for  E^  of  some  liquid 
hydrocarbons  as  a  function  of  l.  The  solid  curves  were  obtained 
with  DC  voltage  (L.  90)  and  the  dotted  curves  with  scruare 
pulses  (L.  20  &  91).  From  the  curves  it  is  seen  that  for  spark^an 
widths  measure.)  in  microns,  values  of  are  rather  large 
(larger  than  4  Mv/cm).  With  an  increase  in  l  up  to  20  microns 
a  sharp  drop  in  E^r  occurs.  In  the  case  of  a  further  growth  in 
l  the  rate  of  this  drop  is  drastically  slowed  down,  but  judging 
from  other  reports  the  indicated  situation  still  does  not  indi¬ 
cate  that  the  values  of  breakdown  voltage  asymptotically  approach 
some  limiting  value. 

The  curves  in  Fig.  26  represent  the  same  kind  of  denendence 
for  E^  •  f  (l) ,  but  for  wider  interelectrode  gaps.  These  cur¬ 
ves  were  obtained  by  various  investigators  (L.  -4,  62,  76,  92-96). 
In  all  cases  an  increase  in  E^r  was  established  when  l  was  de¬ 
creased.  The  steepness  of  the  growth  in  E^r  depends  on  the  pur¬ 
ity  of  the  liquid. 
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Fig.  25.  The  dependence  of  On  Spark  Gap  Widths 
For  Various  Hydrocarbon  Liquids 

1-  C  H  :  2-  C  H  :  3-  C  H  :  4-  2-Methyl 
14  30  10  22  6  14  • 

Heptane:  5-  C  H  :  6-  C  H 

6  14  6  14 


On  the  basis  of  the  experimental  material  obtained  for  the 
indicated  dependence  an  empirical  formula  has  been  proposed 


Ebr  '  A  , 


where  1  is  measured  in  centimeters. 


Numerical  values  for  the  constants  A  &  B  for  certain  liquids 
are  presented  in  Table  13. 


Table  13.  Numerical  Values  of  the  Constants  A  &  B  in 
Formula  (11)  For  Certain  Liquids 


Liquids  Electrodes  A,  Mv/cm  B,  Mv/cm 


Turpentine 

Flat 

0.243 

6.00 

Xylene 

K 

U 

If, 

0.402 

1200 

Benzene 

0.627 

6.33 

PetroUum 

Transformer  Oil 

Spheres  r  - 1.23  cm 

<1575 

0.090-0.170 

aos 

10.0-9.0 

same 

Spheres  r- 2.6  cm 

0.100  -0.180 

&0-3.0 
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Fig.  26.  The  Dependence  of  E^  on  the  Interelectrode 
Distance  For  DC  and  AC  Voltages  (SO  hz) 

1-  Xylene  according  to  Sorg;  2-  Ligroin  and  Hexane  according  to 
Sorg;  3-  Transformer  oil,  electrodes:  small  sphere  (-)  and  spher¬ 
ical  section  according  to  Nikuradze;  4-  The  same,  but  positive 
sphere;  5-  Transformer  oil  according  to  Sorg;  6-  Transformer  oil, 
purified  and  dried,  according  to  Dreher;  7-  The  same  but  not  pur¬ 
ified;  8-  Transformer  oil,  according  Peak;  9-  Juniper  oil  accord¬ 
ing  to  the  data  of  the  Association  of  Electrical  Researchers, 
(ERA);  10-  The  same  for  almond  oil. 

It  is  necessary,  however,  to  observe  that  some  investigators 
did  not  establish  such  a  dependence  (L.  96-98).  Apparently  in  the 
given  case  secondary  factors  exerted  a  strong  influence  on  the 
results  of  the  measurements  and  the  obtained  must  be  considered 
atynical. 

In  Fig,  27  a  curve  is  obtained  for  sovtol  for  nulse  voltage 
nulse  wave  lengths  of  40  microseconds  and  with  electrodes 
consisting  of  a  sphere  and  a  plane.  Sovtol,  as  is  well  known, 
consists  of  75$  pentachlorodiphenyl  (sovol)  and  25$  trichloro¬ 
benzene  (sovtol  1).  This  liquid  dielectric  has  specific  gravity 
1.5  -1.55.  Its  viscosity  at  65°C  is  no  higher  than  10  centistokes 
and  e  a  3.8.  The  boiling  temperature  is  equal  to  240  -320®C. 

There  will  be  something  to  say  later  about  the  structural  feat¬ 
ures  of  pentachlorodiphenyl  (sovol). 


From  this  curve  it  is  seen  that  with  an  increase  in  spark 
gap  width  Ej)r  falls  very  steeply.  A  comparison  of  curves  6  &  7 
in  Fig.  26  shows  that  for  poorly  purified  transformer  oil  the  re¬ 
duction  in  Ejjy  is  very  small.  However,  for  un-degassed  N-hexane 
this  fall  in  the  range  of  1  from  0.025  to  0.5  mm  may  be  consider- 
edsubstantial  (Table  14).  Apparently,  besides  the  degree  of 
purification,  an  important  factor  is  the  degassing  of  both  the 
liquids  and  of  the  electrodes. 

From  Table  14  it  is  also  clear  that  the  spread  in  values  of 


Fig.  27.  The  Dependence  of  E^r  of  sovtol  on  inter¬ 
electrode  distance  for  pulse  voltage  (according  to 
Panov  and  Mravyan) 

A  very  noticeable  drop  in  E^  for  DC  voltage  is  observed 
also  for  silico-organic  liquids  (silicone  oils)  (L.  27).  They 
represent  a  metallo-organic  polymer,  obtained  by  means  of  hydroly¬ 
sis  and  a  subsequent  condensation  of  dimethyldichlorosilane  or  its 
analog. 

Silicone  oils  do  not  yield  to  the  action  of  oxygen  at  temp¬ 
eratures  up  to  150°C.  They  preserve  their  coloration  and  do  not 
decompose;  they  do  not  react  with  a  majority  of  metals  and  plas¬ 
tics.  In  contrast  with  transformer  oils,  they  do  not  cause  any 
swelling  in  natural  rubber;  they  mix  well  only  with  the  higher  al¬ 
cohols  and  solvents  (ether,  ethyl  acetate,  benzene,  chloroform, 
CCI4,  etc);  with  the  lower  alcohols,  water  and  lubricating  oils 
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they  do  not  mix.  Only  concentrated  acids  and  alkalis  interact 
with  them.  * 

These  oils  may  be  utilized  for  impregnating  paper  (electric¬ 
al)  condensors,  and  also  for  filling  transformers.  It  is  not  re¬ 
commended  that  they  be  employed  for  extinguishing  electrical  arcs 
in  oil  circuit  contact  breakers.  The  electrical  strength  of  tech¬ 
nically  pure  silicone  oils  (without  special  purification)  for 
l  >  1  mm  amounts  to  about  300  kv/cm. 

Table  14.  Values  of  the  breakdown  voltage  of  N-hexane 
with  DC  voltage  and  for  interelectrode  distances  (L.  56) 


Width  of 
Spark  Gap 
mm 

braakdown  voltagt,  Mv/cm 

avaraga  valua 

I 

minimum  vaiu^ 

maximum 

valua 

0,500 

0,731 

0,575 

0,o51 

0,250 

0,719 

0,543 

0,912 

0,100 

0,788 

0,674 

0,905 

0,050 

0,797 

0,622 

0,943 

0,025 

0,824 

0,607 

1,040 

Note:  Liquid  and  electrodes  not  degassed. 

Some  physical  properties  of  (English)  liquids  which  were  in¬ 
vestigated  (type  DC-200)  are  reported  in  Table  15.  The  data  for 
N-oentane  (L.27)  are  presented  here  also  for  comparison. 

In  Fig.  28  curves  characterizing  the  dependence  E^r  ■  f(Z) 
of  these  liquids  for  DC  voltage  are  presented.  Before  the  experi¬ 
ments  the  liquids  were  taken  through  distillation,  filtration,  de¬ 
gassing  and  drying  (L.  27). 

It  was  noticed  that  at  the  time  of  breakdown  for  such  liquids 
an  opaque  deposit  forms  and  E^r  decreases  noticeably  (to  a  signif¬ 
icantly  greater  extent  than  for  liquid  hydrocarbons). 

The  denendence  =  f  ( l )  in  the  most  general  outline  may 
be  explained  in  the  following  manner.  Let  us  suppose  that  break- 
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Table  15 

Physical  properties  of  silico-organic  liquids  studied. 


Type  of  si lico-organic  liquid 


Properties 

dimer 

trimer 

tetramer 

pentamer 

e 

01 

V 

c 

flj 

p. 

1 

p 

Chain  length  n  (see  Fig  78) 

0 

1 

2 

3 

- 

Boiling  point,  °C 

99.5 

152 

192 

230 

36 

Melting  point,  °C 

-68 

-86 

-76 

-84 

-130 

Viscosity  at  20°C,  centipoise 

0.65 

1.04 

1.53 

2.06 

0.367 

Specific  gravity  at  25°C,  g/cm^ 

0.761 

0.818 

0.853 

0.871 

0.626 

Molecular  weight 

162 

236 

310 

384 

j 

72 
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down  is  effected  by  electron  avalanches  which  form  in  the  course 
of  shock  ionization.  The  growth  in  current  in  this  case,  as  is 
well  known,  proceeds  according  to  an  exponential  law 

J  *  Joe 


where  a  is  the  ionization  coefficient.  If  a l  attains 
value,  then  the  gap  between  electrodes  becomes  highly 
i.e.,  it  will  break  down. 


a  certain 
conducting, 


Fig.  28.  Denendence  of  E.  for  silico-organic  liquids 
(silicones)  on  interelectrode  distance  -  electrodes  are 
spheres  of  d  »  13ram  1-  tetramer;  2-  dimer 


Let  us  denote  the  mean  free  path  of  free  electrons  by  X.  With 
reference  to  the  fact  that  the  part  of  the  electron  path  which  is 
greater  than  x  will  be  equal  to  e  it  is  possible  to  reason 

in  a  similar  way  that  when  e  is  about  equal  to  the  number  of 
regions  k  in  which  the  electron  energy  attains  a  critical  value 
W0  will  be  equal  to: 

*-rr**S 


here  e  in  the  exponent  is  the  elementary  charge  (L.  20). 

Let  us  suppose  that  on  the  length  d  <  X  for  regions  k  shock 
ionization  must  take  place.  For  interelectrode  distance  l  m  ion¬ 
izations  or  stages  of  electron  multiplication  are  necessary  in 
order  for  breakdown  to  be  realized.  Then  for  inelastic  collisions 
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After  taking  the  logarithm  we  obtain: 


Thus  with  only  the  most  rudimentary  assumptions,  taking 
account  of  shock  ionization  alone,  one  may  obtain  a  dependence  Efar 
*  f(2)  which  is  close  to  the  dependence  observed  in  experiments 
for  the  breakdown  of  several  liquid  dielectrics. 

From  the  data  presented  it  follows  that  in  evaluating  an 
insulating  liquid  in  terms  of  its  breakdown  voltage  it  is  necessary 
to  indicate  the  width  l  of  the  spark  gap  at  which  this  voltage 
was  determined.  But  in  addition  to  l,  other  factors  also  exert 
a  strong  influence  on  E^. 

For  liquid  dielectrics  consisting  of  some  specified  quantity 
of  distributed  impurities,  may  depend  also  on  the  electrode 
area,  in  this  case  an  important  role  is  undoubtedly  played  by 
statistical  factors,  for  instance  the  random  concentration  of  im¬ 
purities,  moisture,  gas  bubbles,  etc. 

For  carefully  purified  liquids  the  electrode  area  has  a  tell¬ 
ing  effect  only  in  the  case  of  small  interelectrode  distances. 

In  Table  16  some  numerical  data  are  presented  which  were  ob¬ 
tained  in  experiments  with  thoroughly  purified  transformer  oil 
with  DC  voltage  and  with  l  *  100  microns  (L.  37).  The  density  of 
the  oil  was  equal  to  0.88,  the  viscosity  28  centistokes  and  the 
average  molecular  weight  310. 

The  formation  of  electron  avalanches  in  shock  ionization, 

as  is  well  known,  depends  on  the  width  of  the  spark  gap  and  on 

a  l 

the  number  of  initial  electrons  no  (n  *  noe  ). 


For  small  l  the  formation  of  avalanches  is  more  difficult. 
Therefore  the  breakdown  voltage  of  oil  depends  on  the  electrode 
area.  The  larger  the  metallic  surface  of  the  cathode,  the  more 
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burrs,  projections,  protuberances  and  all  other  types  of  irregu¬ 
larities  will  be  on  that  surface,  and  from  these  the  electron 
emission  will  go  on  at  a  much  more  intense  level. 

Table  16.  The  effect  of  electrode  shape  and  area  on 
the  breakdown  voltage  of  transformer  oil  -  electrodes 
made  of  stainless  steel 


Eltctrotkl'f  Ship* 

.«  £ 

i  <  p 
%  Jl 

J if 

jphtrts  .... 

12.7 

1.225 

h«ml«ph*r*t 

25,4 

1,060 

drtci  wltn  tffactlu*  Via,  3  mm . 

0,845 

For  large  l  avalanche  formation  is  not  limited  and  break¬ 
down  formation  may  begin  with  an  insignificant  number  of  initial 
electrons.  In  this  situation  the  breakdown  voltage  has  not  yet 
come  to  depend  on  electrode  area  (L.  99). 

Some  reduction  in  the  values  of  E^r  has  been  dectected  for 
N-hexane  when  the  electrode  area  is  increased.  Breakdowns  occur¬ 
red  for  short  souare  pulses  and  for  small  spark  gaps  (L.  100). 
There  is  information  on  this  type  of  influence  also  in  reference 
(L.  22). 

3-3.  The  Effect  of  Electric  Field  Non-uniformity  On  the  Val;«e 

of  V 

Experiments  showed  that  besides  the  spark  gap  width  and  the 
electrode  area.  Ujjr  for  liquids  is  determined  to  a  significant  de¬ 
gree  by  the  geometry  of  the  electric  field. 

Curves  of  the  denendence  U^*  f  (£)  for  transformer  oil  with 
electrodes  consisting  of  a  point  and  a  plane,  the  point  having 
either  polarity,  are  presented  in  Fig.  29.  It  follows  from  the 
curve  that  with  a  negative  point  U^r  is  greater  than  with  a  posi- 
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tive  point.  As  in  the  case  of  '..as  gaps,  a  clearly  expressed 
polarity  effect  is  observed  in  breakdowns  of  transformer  oils  (L. 
101).  The  difference  in  the  values  of  grows  with  an  increase 
in  the  distance  between  electrodes  for  DC  voltage. 

The  polarity  effect  is  explained  by  the  differing  mobility 
of  electrons  and  positive  ions.  In  the  case  of  the  positive  point 
at  the  beginning  of  shock  ionization  electrons  leave. for  the  point, 
leaving  the  less  mobile  positive  ions.  In  the  further  process  of 
shock  ionization  electrons  arrive  into  this  positively  charged 
column  and  form  a  narrow,  highly-conducting  projection  which  grows 
along  the  direction  toward  the  cathode  plane.  The  sharp  field  in 
homogeneity  formed  in  this  manner  is  maintained  for  the  whole  time 
of  breakdown  formation.  In  such  a  situation  the  point,  so  to  speak, 
moves  toward  the  plane.  Therefore  the  dielectric  breaks  down  at 
significantly  smaller  voltages. 


Fig.  29.  Dependence  of  Ubr  for  transformer  oil  having 

an  average  degree  of  purity  on  interele:trode  distance 
for  DC  voltage.  1-  Negative  point  and  plane;  2-  posi¬ 
tive  point  and  plane. 


In  the  case  of  a  negative  point  at  the  beginning  of  shock 
ionization  the  electrons  move  from  it  into  the  area  with  the  small¬ 
est  field  intensity.  There  they  are  captured  by  molecules  of  the 
liquid  and  form  negative  space  chaige,  which  to  a  significant  de¬ 
gree  smooths  out  the  sharp  field  in  homogeneity  at  the  point.  The 
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field  intensity  is  therefore  reduced,  and  for  a  gradual  develop¬ 
ment  of  breakdown  the  voltage  at  the  electrodes  must  rise.  A  posi¬ 
tive  space  charge  consisting  of  ions  reinforces  the  field  inten¬ 
sity  at  the  point  and  electrons  will  also  enter  the  positive  col¬ 
umn  -  originating  from  both  cold  emission  from  the  cathode  and 
from  shock  ionization.  A  highly-conducting  projection  is  also 
formed. 

In  the  movement  of  this  projection  to  the  plane  the  field  in¬ 
tensity  rises  and  the  process  of  shock  ionization  begins.  The 
electrons  head  for  the  positively-charged  plane  and  leave  the  col¬ 
umn  of  uncompensated  positive  charge,  but  the  loss  is  already  at 
the  plane.  Shock  ionization  may  also  begin  from  the  field  inten¬ 
sity  enhancement  at  the  head  of  the  column  which  is  facing  the 
point,  and  the  highly-conducting  projection  will  grow  in  the  re¬ 
verse  direction.  This  third  phase  of  development  of  the  discharge 
is  called  the  principal  or  the  reverse  discharge  in  contrast  to 
the  first  -  avalanche  -  discharge  and  the  second  discharge  when 
the  highly-conducting  (plasma)  projections  are  formed.  The  prin¬ 
cipal  discharge  is  usually  characterized  by  rapid  advance  and  in¬ 
tense  radiation. 

In  the  case  of  a  positive  point  as  the  streamer  approaches 
to  the  plane,  a  column  is  formed  from  the  negative  charge,  which 
also  stimulates  a  reverse  discharge. 

The  existence  of  shock  ionization  at  points  such  as  discus¬ 
sed  above  is  proved  in  experiments  with  transformer  oil  and  dis¬ 
tilled  water  (L.  103  -  105).  It  was  ascertained  that  the  forma¬ 
tion  of  breakdown  as  in  gases,  begins  at  the  electrode  with  the 
greatest  curvature.  With  significant  limitation  of  the  discharge 
current  an  intermittent  development  of  breakdown  (stepped  leader 
process)  is  observed.  In  the  case  of  two  points  this  process  be¬ 
gins  at  both  electrodes.  To  the  extent  that  the  leader  progress¬ 
es  into  the  depth  of  the  gap  its  rate  suffers  a  decrease.  These 
experiments  were  carried  out  with  a  rapidly  rotating  chamber  and 
with  a  cathode  ray  oscilloscope  (L.  103). 
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When  the  distance  between  the  needle  and  the  plane  l  =  170cm 
and  with  a  pulse  voltage  of  80  kv,  multiple  risings  and  fallings 
of  the  electrical  conductivity  o  for  distilled  water  (L.  105)  were 
registered  on  the  high-voltage  cathode  ray  oscilloscope  during  the 
time  over  which  the  pulses  were  acting.  These  excursions  are  ex¬ 
plained  by  shock  ionization  and  by  the  capture  of  electrons  by 
highly  polar  molecules  of  the  liquid. 

From  the  curves  of  Fig.  30  some  idea  may  be  gotten  of  the 
effect  of  polarity  of  the  point  when  the  interelectrode  distances 
are  comparitively  large.  Experiments  were  performed  (L.  102)  with 
transformer  oil  of  an  average  degree  of  purity  with  pulsed  (cur¬ 
ves  1  &  2)  and  with  AC  (50  hz)  voltages  (curve  3).  Comparing  cur¬ 
ve  3  of  Fig.  30  with  curve  2  of  Fig.  29,  it  is  seen  that  the  val¬ 
ues  of  Ujjr  for  the  same  interelectrode  distances  in  the  case  of 
AC  voltage  are  almost  the  same  as  with  the  positive  point  (DC  vol¬ 
tage).  The  time  factor  does  not  play  any  particular  role  here  in¬ 
asmuch  as  at  50  hz  a  half  period  is  fully  sufficient  for  breakdown 
formation.  However,  the  influence  of  time  begins  to  take  effect 
when  pulses  are  used.  The  breakdown  voltage  rises  (see  curves  1 
&  2  in  Fig.  30). 


Fig.  30.  Values  of  for  transformer  oil  occurring 

between  a  point  and  a  plane  for  various  interelectrode 
distances.  1-  negative  point;  2-  positive  point;  3-  AC 
voltage. 
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The  same  kind  of  curves,  obtained  in  breakdown  with  wider 
spark  gaps,  are  presented  in  Fig.  31  for  technically  pure  trans¬ 
former  oil.  The  breakdowns'  occurred  at  a  temperature  of  15  to  20° 
C  and  with  pulse  voltage  with  wave  lengths  (the  time  taken  by  the 
largest  amplitude  in  its  drop  to  half  value)  of  40  microseconds 
(L.  95).  The  slope  angle  of  the  curves  U^r  *  f(l)  for  1  >  8cm 
decreases,  i.e.,  the  values  of  U^r  in  a  unit  of  length  within  the 
spark  gap  becomes  smaller.  Apparently  under  this  condition  for¬ 
mation  of  breakdown  is  improved.  In  Fig.  30  such  a  break  in  the 
curves  is  not  noticeable.  For  the  same  values  of  1  the  values 
according  to  the  curves  of  Fig.  30  are  greater  than  according  to 
rig.  31.  This  difference  as  well  as  the  absence  of  a  break  in  the 
curve  must  evidently  be  attributed  to  the  deeper  pulses  with  which 
the  curves  of  Fig.  30  were  recorded. 

Fig.  31.  Breakdown  voltage  U^r  for  pulses  as  a  function 

of  the  distance  1  between  the  point  and  the  plane.  The 
signs  (+)  and  (-)  refer  to  the  point. 


In  Fig.  32  data  on  U^r  for  sovtol  are  presented  (L.  95), 
Breakdowns  of  the  gaps  between  a  point  and  a  plane  were  produced 
also  with  pulses  of  wave  lengths  40  microseconds  and  at  tempera¬ 
ture  20°  C.  It  was  determined  that  for  interelectrode  distances 
of  1  a  from  two  to  three  cm  the  value  of  U^r  for  sovtol  and  for 
transformer  oil  differ  very  little.  But  for  larger  values  of  1 
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curves  diverge  sharply.  In  this  case  the  value  of  for  sovtol 
is  smaller  than  for  transformer  oil.  Such  a  divergence  is  un¬ 
doubtedly  stipulated  by  the  physical-chemical  features  of  the 
liquids  being  compared.  It  was  noted  that  under  the  influence  of 
strong  electrical  fields  the  sovtol  decomposes  with  profuse  evolu¬ 
tion  of  carbon  black. 


Fig.  32.  Breakdown  voltages  for  sovtol  for  various 
distances  between  the  point  and  the  plane.  1-  negative 
point;  2-  positive  point. 


In  the  investigation  of  incompleted  breakdowns  of  trans¬ 
former  oil  between  a  point  and  a  plane  (1  =  25mm)  it  was  ascer¬ 
tained  that  the  discharge  channel  serves  as  a  source  of  intense 
short-wave  radiation.  The  appearance  of  this  radiation  was  re¬ 
cognized  by  the  diffuse  blackening  of  silver  bromide  photographic 
paper  which  was  placed  perpendicular  to  the  point  at  various  dis¬ 
tances  from  it.  The  experiments  were  conducted  with  aperiodic 
pulses  with  a  rise  time  of  1  microsecond  and  a  wave  length  of  50 
microseconds  (L.  106  ). 

In  the  case  of  a  positive  point  the  radiation  occurs  only 
for  a  voltage  greater  than  90  kv.  It  becomes  quite  considerable 
at  a  voltage  of  190  kv.  In  the  case  of  incomplete  breakdown, 
blackening  of  photographic  paper  placed  at  the  plane  at  a  distance 
of  25  mm  is  already  occurring  when  the  length  of  the  channel  from 
the  point  is  only  7  mm. 
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Somewhat  different  conditions  are  created  with  a  negative 
point.  The  radiation  in  this  case  becomes  highly  noticeable  even 
at  compariti^ely  small  voltages  (105  kv).  This  leads  to  excitation 
and  step-wise  ionization  of  the  molecules  of  oil.  The  process  of 
breakdown  development  accelerates. 

Studying  the  Lichtenberg  figures  obtained  in  breakdowns 
and  spark  overs  of  the  same  transformer  oil,  the  author  (L.  106) 
separated  a  special  stage  in  the  channel  condition,  characterized 

by  a  high  degree  of  ionization.  This  condition  is  called  the  ther- 

\ 

mo-ionization  state.  In  the  work  mentioned  it  is  asserted  that 
radiation  arises  under  just  such  a  condition  of  the  channel. 

In  reference  (L.  107)  an  account  is  given  of  an  investiga¬ 
tion  of  the  electrical  strength  of  transformer  oil  under  the  action 
of  pulses  with  damping  oscillations.  The  oscillation  frequency 
varied  from  20  to  500  khz.  It  was  established  that  the  breakdown 
50i  voltage  for  the  negative  point  and  plane,  as  in  the  case 

of  pulses  without  oscillation,  was  10  to  30t  larger  than  for  the 
posi tive  point. 

For  pulses  with  damping  oscillations  and  with  distances 
between  the  positive  point  and  the  plane  of  1  a  25  &  30  mm  the 
value  of  U^r5o  has  a  maximum.  It  was  fixed  at  frequencies  70  & 

120  hz  respectively  (see  Fig.  33).  The  values  of  Ubr  for  a  pulse 
wave  with  a  rise  time  of  one  microsecond  and  a  wave  length  of  50 
microseconds  but  without  damping  oscillations,  turned  out  to  be 
significantly  smaller;  in  the  figure  these  are  denoted  by  a,  b, 
and  c . 


If  we  supply  pulses  with  amplitude  U  N  times  to  the  material 
under  investigation,  then  the  breakdowns  may  occur  not  indefinitely 
but  only  n  times.  Then  the  probability  of  occurrence  of  breakdowns 
will  be  equal  to  p  3  jj.  In  increasing  or  decreasing  the  largest 

amplitude  of  the  voltage  pulses,  the  breakdowns  will  occur  more 
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or  less,  and  the  probability  of  their  occurrence  will  be  deter¬ 
mined  by  the  size  of  U.  The  results  obtained  may  be  presented  in 
the  form  of  a  curve,  by  plotting,  for  instance,  p  ®  f  (U)  from  0 
to  1001  along  the  axis  of  the  ordinate  and  U  along  the  axis  of  the 
abscissa.  Then  the  value  of  Ubr5o  will  correspond  to  p  *  50$.  In 
doing  this  one  should  watch  that  the  electrodes  of  the  measuring 
vessel  and  the  liquid  under  study  are  not  seriously  damaged  by  the 
electrical  spark. 

3-4  The  Dependence  of  E^r  and  U^r  On  the  Duration  of  Voltage 
Application 

It  is  quite  obvious  that  for  the  development  of  the  break¬ 
down  process,  as  for  any  process  as  a  matter  of  fact,  a  fully  spec¬ 
ified  amount  of  time  is  necessary.  Under  real  conditions  the  for¬ 
mation  of  electron  avalanches  proceeds  in  a  medium  whose  molecules 
counteract  this  process  by  capturing  free  electrons  and  taking 
them  out  of  the  system.  The  formation  of  breakdown  is  therefore 
drawn  out  over  some  amount  of  time.  If  the  duration  of  voltage 
application  is  less  than  this  time,  a  breakdown  will  not  occur  at 
the  given  E.  It  will  be  necessary  to  increase  the  voltage  at  the 
electrodes,  so  that  a  *  f  (E) .  A  large  number  of  experiments  con- 
con^rns  this  observation. 

Ordinarily,  even  highly  purified  liquids  contain  some  a- 
mount  of  impurities  and  gases,  and  even  moisture.  Any  or  all  of 

these  ingredients  exert  no  noticeable  effect  on  Kbr  for  very  short 
exposures,  as  will  be  shown  below,  but  for  prolonged  aool.’ cation  of 
voltace  they  cause  a  reduction  in  this  quantity. 

Some  data  on  the  drop  in  Ebr  as  the  holding  time  is  in¬ 
creased  within  the  limits  from  20  to  7000  seconds  are  presented 
in  Table  17  for  comparatively  large  interelectrode  distances  (L. 
108). 
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•  Fig.  33.  Dependence  of  the  breakdown  50%  voltage  on  a 
frequency  of  damping  oscillations  for  a  pulse  wave  with 
a  positive  point  and  plane  at  a  distance  1.  1-  1  *  35 
mm;  2-  1  *  25  mm;  3-  1  *  10  mm;  a,b,  and  c  are  values  of 
for  the  indicated  1  with  pulses  without  oscillations 

with  a  life  time  of  one  microsecond  and  wave  length  50 
microseconds. 


It  is  seen  from  Table  17  that  the  reduction  in  E^r  is  no¬ 
ticeable  even  for  holding  times  counted  in  tens  of  minutes.  At  a 
sompwhat  h1(rher  temperature,  in  order  to  obtain  the  same  values  of 
Ejj  as  were  obtained  at  14°  C,  the  holding  time  had  to  be  increas¬ 
ed. 


If  the  value  of  the  initial  electrical  conductivity  a  play¬ 
ed  a  significant  role  in  the  formation  of  breakdown,  then  the  re¬ 
lationship  would  be  reversed,  inasmuch  as  a  at  40°  C  is,  of  course, 
greater  than  at  14°  C.  The  moMlity  of  ions  at  40°  C  in  trans¬ 
former  oil  is  also  greater  than  at  14°  C.  Apparently,  in  the  de¬ 
velopment  of  breakdown,  a  decisive  role  is  played  by  such  other 
factors. 

In  Fig.  34  curves  for  thedeoendence  Etr  =  f  (1)  for  trans¬ 
former  oil  are  presented  for  various  holding  times  within  the  range 
2 

1.3  x  10  to  10  sec.  From  these  curves  it  is  clear  that  as  the 
voltage  application  time  is  shortened  the  values  of  E^  rise  rapid¬ 
ly.  For  instance,  with  a  time  of  1.3  x  10”  sec  and  1  about  0.5 
mm,  Ej)r  >  1  mv/cm  (L.  84;. 
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Table  17.  Dependence  of  breakdown  voltage  for  pure 
transformer  oil  on  the  application  time  of  a  DC  voltage 


Holding 

Tima, 

seconds 

Breakdown 
Voltagt  at 

14*  C,  Mv/crr 

Holding 

Tima, 

saconds 

Braakdown 
Voltaga  at  , 
40°  C,  Mv/cm 

30 

0,160 

20 

0,150 

50 

0,135 

330 

0,130 

100 

0,120 

2800 

0,120 

250 

0,105 

7000 

0,110 

350 

0.090 

— 

... 

1400 

0,080 

— 

— 

Note:  The  electric  field  is  close  to  the  equilibrium 
field. 


Fig,  34,  The  dependence  of  E,  of  transformer  oil  on 
on  the  interelectrode  distance1  for  varying  duration 
of  voltage  application  t.  1-  DC  voltage  t  •»  100  sec; 

2-  the  same,  but  t  *  3.3  x  10  sec;  3-  the  same,  but  t 

*  4  x  10~  sec;  4-  the  same,  but  t  *  1.2  x  10"  sec;  5- 

the  same,  but  t  *  1.3  x  10“  sec;  6-  AC  voltage  50  hz. 


The  change  in  for  transformer  oil  with  various  hold¬ 
ing  times,  but  with  a  spark  gap  width  of  1  *  20  mm  between  a 
sphere  of  d  =  50  mm  and  a  plane  is  presented  by  the  curve  in  Fig. 
35  (L.  95).  In  this  figure  dotted  lines  indicate  the  region  that 
was  not  examined.  For  the  indicated  ,~rp  width  1  a  rather  sharp 
increase  in  U^r  is  observed  for  holding  times  x  smaller  than  10" 
sec.  For  x  >  0.1  sec,  E^r  changes  little. 
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Fig.  35 .  Volt-time  dependence  for  technically  pure 
transformer  oil. 

For  radically  inhomogeneous  fields  a  more  complicated  de¬ 
pendence  has  been  established,  as  suggested  by  the  data  of  Table 
18  (L.  109).  The  signs  of  the  potential  (+)  or  (-)  in  this  table 
refer  to  the  point. 

It  is  worthwhile  to  give  some  attention  to  the  comparatively 
snijill  values  or  r0r  a  r.ulse  duration  of  x  *  1.4  x  10~  sec; 
the  values  obtained  were  even  smaller  than  for  DC  voltage.  For 
shorter  holding  times  Ubr  increases  sharply. 

It  might  be  supposed  that  before  the  beginning  of  break¬ 
down  formation,  in  the  comparatively  slow  rise  in  DC  voltage,  a 
zone  of  space  charge  foims  near  the  point  and  the  field  in  homo¬ 
geneity,  as  already  mentioned,  flattens  out  partially.  But  over 
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the  time  of  1.4  x  10  this  zone  is  apparently  not  able  to  form  and 
the  breakdown  5is  at  a  smaller  U^*  In  the  case  of  an  exposure 
of  1.4  x  lC”sec  and  smaller  the  space  charge  zone  is  all  the  more 
incapable  of  forming,  but  for  a  gradual  development  of  breakdown 
with  the  given  voltage  the  time  was  insufficient.  For  this  devel¬ 
opment  to  occur  the  voltage  had  to  be  increased.  Secondary  pro¬ 
cesses  were  not  able  to  manifest  themselves  with  such  holding 
times. 

Table  18.  The  dependence  of  breakdown  voltage  for 
transformer  oil  on  duration  of  voltage  application  for 
various  spark  gaps. 


Breakdown  Voltage,  kv 

3  ° 

1 

j 

2  * 
a  S 

OC.  Voltage 

tau  ■  1.4 

•  lo  J  *ec 

tau  «  1.4  * 

10*5  WC 

tau  ■  1.4  • 

nr6  tec 

- 

+ 

- 

+ 

-  i 

!_  J; _ 

— 

+ 

» 

62 

50,5 

46 

32 

73 

44 

150 

too 

2 

97 

73, 0 

67 

49 

132 
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The  dependence  Ubr  *  t)  of  technically  pure  transformer 
oil  for  a  wider  spark  gap  between  the  point  and  the  plane  is  pre¬ 
sented  in  Fig.  36  (L.  95).  The  experiments  were  conduced  with 
pulses  having  voltage  rise  time  ranging  from  0  to  a  maximum  value 
(wave  front)  of  1.5  microseconds  and  having  a  wave  length  of  40 
microseconds.  It  was  possible  to  obtain  short  holding  times  by 
including,  in  the  parallel  to  the  sample  under  study,  an  air  gap 
between  spheres,  which  broke  down  upon  reaching  a  specified  vol¬ 
tage  corresponding  to  the  giv^n  holding  time.  The  voltage  was 
thereby  reduced  from  that  of  the  object  under  study. 

Unfortunately,  it  is  impossible  from  the  curves  of  Fig.  36 
to  establish  the  existence  of  a  minimum  in  U^r  (see  Table  18)  for 
holding  times  of  around  l"  sec,  since  this  region  of  exposures  re¬ 
mained  outside  the  region  investigated  (dotted  lines).  It  is  pos¬ 
sible  that  for  such  a  large  distance  between  the  needle  and  the 
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plane,  namely  20  cm,  such  a  minimum  would  not  e^ist  at  all. 

For  a  positive  point  the  value  of  in  the  range  of  holding 
times  from  0.1  to  100  sec  is  practicably  unchanging.  In  this 
figure  along  the  axis  of  the  ordinate  on  the  right  are  plotted 
the  values  of  the  pulse  coefficient  beta,  which  shows  how  much 
greater  is  for  shorter  effects  with  voltage  than  with  prolonged 
ones. 


Fig.  36.  Breakdown  voltages,  for  technically  pure 
transformer  oil  with  various  durations  of  voltage 
application. 

For  each  region  of  holding  times  within  the  range  from 
fractions  of  a  microsecond  to  one  minute  the  change  in  for 
transformer  oil  is  shown  by  tho  curve  in  Fig.  37  for  1  *  12.7  mm, 
referring  however  to  the  distance  between  discs  of  various  diam¬ 
eters  (L.  95),  The  steepness  of  the  growth  in  values  of  Ubr  f  or 
various  x  turred  out  to  be  also  not  uniform.  For  instance,  in 
the  interval  of  x  from  10  to  0.5  microseconds  as  also  according 
to  the  curve  of  Fig.  35,  U^.  rises  sharply  but  barely  changes 
with  longer  holding  times  -  up  to  10  microseconds. 

In  princiole  the  same  type  cf  trend  in  the  change  of  E^r 
(L.  110)  would  be  revealed  for  pure,  but  not  degassed,  xylene  and 
hexane  (Fig  38).  The  curves  are  registered  for  aperiodic  pulses. 
Gaps  of  0.5  mm  experienced  breakdown.  According  to  these  curves, 
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howeveT,  it  is  impossible  to  say  anything  about  the  change  in  E^. 
for  holding  times  in  the  range  from  10~  to  10  sec  and  from  1  to 

10  sec  it  i'i  very  noticeable.. 


Fig.  37.  The  average  volt-time  characteristic  for 
technically  pure  transformer  oil. 

Experiments  which  were  set  up  more  carefully  with  respect 
to  the  change  in  for  small  holding  times  showed  that  in  the 
range  from  approximately  2  to  17-23  microseconds  E^r  was  practic¬ 
ably  unchanging  (L.  111).  Such  experiments  were  performed  with 
carefully  purified  ethyl  alcohol  fFig.  39)  and  benzene  with 
square  pulses  and  with  distances  between  the  polished  spheres 
of  several  tens  of  microns.  For  holding  times  less  than  2  micro¬ 
seconds  E^r  for  ethvl  alcohol  increases  by  a  factor  of  almost  two 
in  comparison  with  Ej3r  for  t  >  two  microsecond s ,  and  for  benzene 
this  increase  is  even  greater. 

Unfortunately  there  are  no  data  on  the  c:. ..age  in  f°r 
these  liquids  with  longer  pulses,  but  on  analogy  with  the  curves 
of  the  Drecediof  drawings  one  ma;.  hypothesize  the  existence  of 
a  second  drop. 

A  quite  interesting  situation  is  the  observation  that  even 
such  a  very  poor  dielectric  as  distilled  water,  for  short  expo-; 
sures  and  spark  gap  widths  of  several  tens  of  microns,  has  an  Ebr 
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greater  than  1.5  mv/cm  (see  curve  1  of  Fig.  40).  On  this  same 
drawing  a  curve  for  pure  ligroin  is  also  presented  for  comparison 
(L.  35.).  It  is  recorded  for  the  same  experimental  conditions. 

In  contrast  with  ligroin,  benzene  and  ethyl  alcohol,  the 
value  of  E^r  for  distilled  water  drops  without  interruption  when 
t  is  increased.  Th_  undoubtedly  tells  us  something  about  the 
large  electrical  conductivity  of  the  indicated  liquid.  However, 
the  most  abrupt  increase  in  Ej)r,  as  for  other  comparable  liquids, 
occurs  for  holding  times  shorter  than  2  microseconds. 


Fig.  38.  The  dependence  of 
Ej)r  on  pulse  duration  for  pure 

but  un-degassed  liquids. 

1-  xylene;  2-  hexane 


Fig.  39.  The  dependence 
of  E^  of  ethyl  ether  al¬ 
cohol  on  duration  of  an 
applied  souare  pulse 
voltage. 


On  the  basis  of  the  experimental  data  presented  above  it  is 
possible  to  form  the  conclusion  that  for  interelectrode  distances 
of  several  tens  of  microns  and  for  exposures  less  than  2  micro- 
seonds  the  liquids  lose  to  a  considerable  extent  their  indivi¬ 
duality  with  respect  to  Ebf  This  means  that  their  chemical  com¬ 
position.  structure,  polarity,  electrical  conductivity,  and  con¬ 
sequently  their  impurities  in  moisture  content  do  not  exert  any 
substantial  influence  on  E^. 
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Fig.  40.  The  dependence  of  E,  of  distilled  water  and 
ligroin  on  duration  of  pulse  rimposition  for  a  uniform 
field  (  square  •  pulses).  1-  water;  2-  ligroin. 

The  experiments  showed  further  that  for  small  spark  gaps 
there  is  a  definite  relationship  between  the  gap  width  and  the 
shortest  duration  of  voltage  application  for  which  a  growth  in 
E^  is  initiated.  This  relation  is  expressed  in  the  curves  of 
Fig.  41  (L.  91)  for  N-hexane  (normal,  not  isomeric).  The  experi¬ 
ments  were  performed  also  with  square  pulses  and  with  spher¬ 
ical  electrodes  made  of  phosphor-bronze.  These  electrodes  were 
polished  with  diamond  dust.  The  liquid  under  study  was  distilled 
and  subjected  to  electrical  purification. 

From  the  curves  of  Fig.  41  it  follows  that  the  minimum  time 
t o ,  below  which  a  growth  in  Ebr  begins,  depends  on  the  distance 
between  electrodes  1.  The  greater  1,  the  greater  t0.  However, 
the  minimum  value  of  the  breakdown  voltage  E^r  for  distances 
greater  than  47  microns  turned  out  to  be  the  same.  For  smaller 
1  it  increases. 

For  pulses  for  a  duration  less  than  the  threshold  value  to 
each  curve  in  Fig.  41  may  be  represented  by  the  empirical  formula 

P  =.  g>.  . 
cbr  (r—  ' 

where  lower  c  and  C,  are  constants,  and  t  is  greater  than  t  . 

•  J.  *  ** 
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The  values  of  the  quantities  entering  into  fornula  (14) 
for  N-hexane  are  presented  in  Table  19. 


various  square  pulse  durations  and  inter¬ 
electrodes  distances  1.  1-  1  =  33  microns; 

2-  1  «  41  microns;  3-  1  ■  47  microns;  4-  1  * 

54  microns;  5-  1  =  61  microns;  6-  1  *  68.5  microns. 

The  authors  of  reference  (L.  91)  are  of  the  opinion  that 
the  time  to  is  the  time  necessary  for  obtaining  with  electrons 
from  the  applied  field  that  energy  which  is  sufficient  for  ion 
ization  of  the  molecules  of  the  liquid.  It  is  also  necessary 
for  the  formation  of  a  highly  conductive  bridge  between  the 
electrodes.  In  this  way  t0  must  be  connected  with  the  move¬ 
ment  of  electrons  and  ions  and  consequently  must  also  depend 
on  their  mobility  and  on  the  distance  between  electrodes  1. 


Table  19.  Values  of  the  quantities  in  formula  (14) 
for  N-hexane. 


Spark  gap  Width  1,  (microns).. 

.33 

41 

47 

54 

61 

68.5 

t o  (microseconds) . 

.0.6 

1.1 

1.2 

1.6 

1.9 

2.8 

r  (microseconds) . 

.0 

0.1 

0.1 

0.1 

0.5 

1.5 

Cj  (MV/cm) . 

.2.7 

2.6 

2.5 

2.6 

2.6 

2.0 

.0.3 

0.3 

0.3 

0.4 

0.4 

0.2 

Ebr (MV/cm) . 

.1.76 

1.43 

1.24 

1.24 

1.26 

1.26 

In  Table  20  data  are  repc-rted  for  the  values  of  t0  in  N-hex- 
ane  ar.d  for  a  time  tp  required  for  transit  of  the  spark  gap  1  by 
positive  ions.  This  time  is  computed  from  the  relationship 

/ 

*  ~z  -  ■  ■  — »  # 

kpEUp 

The  mobility  k_  is  determined  from  experiment.  It  turns 
P  _4  2  , 

out  equal  to  8.9  x  10  cm  /sec  v. 

The  quantity  tq/t  ,  as  follows  from  Table  20,  has  almost  no 

P  ' 

dependence  on  the  spark  gap  width  1.  Determination  of  this  ratio 
also  for  other  liquids  with  different  viscosities. 

Table  20.  Numerical  data  for  t0,  t  and  tq/t  for 
N-hexane.  P  P 


S|Mrk  Gap  Width  1  <mtaon«) 

33 

•n 

47 

M 

bl 

"i>  (mkroMcon*) . 

o,r» 

1.2 

1.0 

1.9 

?p  (microMcgfHp) . 

2.2:5 

a.ii; 

•{/) 

3.2.') 

3.  Hi 

' Jxp  .  .  v  .  . . .  . 

0.3 

0.3 

0,3 

0.3 

0.3 

The  mobility  kp  was  computed  from  the  formula  (L.74): 

k„  -  erf*'*, 

where  *n  is  the  viscosity; 
c  is  a  constant. 

The  relations  found  between  tq  and  -x^  are  represented  by 
the  curves  in  Fig.  42.  For  polar  and  non-polar  liquids  straight 
lines  were  obtained,  but  with  different  angles  of  slope  to  the 
axis  of  the  abscissa. 

The  time  tq,  which,  as  it  was  observed,  may  be  equated  with 
the  time  for  breakdown  formation,  is  equal  to  1-2  microseconds 
for  N-hexane  according  to  the  curve  of  Fig.  42  and  is  about  12 
microseconds  for  tetradecane.  Therefore  *0  for  liquid  hydrocar¬ 
bons  must  be  depend  also  on  the  molecular  weight.  Moreover,  it 
must  be  proportional  to  that  length  of  time  which  is  required  by 
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the  positive  ions  in  order  to  traverse  the  whole  spark  gap.  This 
signifies  that  in  the  breakdown  mechanism  for  liquid  dielectrics 
even  for  short  voltage  application  times  a  significant  role  would 
seemingly  have  to  be  played  by  the  mobility  of  the  ions.  Such  a 
conclusion,  however,  does  not  fit  very  well  into  the  framework  of 
existing  concepts  of  the  formation  of  breakdown.  It  is  usually 
considered  that  the  positive  ions  which  possess  a  comparatively 
large  decay  time,  as,  on  the  other  hand,  the  negative  ions  do 
also,  are  not  able  to  exert  a  substantial  influence  on  the  devel¬ 
opment  of  breakdown  for  short  holding  times. 

The  conclusion  in  favor  of  a  significant  role  played  by 
positive  ions  in  the  formation  of  breakdown  was  not  consistent 
with  data  obtained  in  reference  (L.  35).  This  state  of  affairs 
was  the  compelling  reason  for  carrying  out  supplimentary  experi¬ 
ments  . 

microsecond 

3 


Fig.  42.  Relation  between  Tq  and  the  time  for  transit 
of  the  interelectrode  gap  tl  by  positive  ions  for  the 
liquids:  1-  N-hexane;  2-  N^pentane;  3-  N-decane;  4-N- 
tetradecane;  5-  carbon  tetrachloride;  6-  ligroin;  7- 
methyl  alcohol;  ethyl  alcohol. 


A  study  was  made  of  N-hexane  and  N-nonane  (L.  22).  These 
liquids  differ  considerably  both  m  molecular  weight  and  in  vis¬ 
cosity  n  .  For  N-hexane  M  =  86.172  and  n  =  4.75  x  10”^  cm, 
while  for  N-nonane  M  =  128.25  and  ■=  9.88  x  10  ^  cm.  Break¬ 

downs  were  produced  also  for  square  pulses  and  in  addition 
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for  very  small  spark  gap  widths  (1  *  5.1  x  10”^cm) .  The  curves 
which  were  obtained  are  reported  in  Fig.  43.  Disregarding  the 
varying  values  of  E^,  the  time  for  breakdown  formation  in  both 
cases  turned  out  to  be  the  same.  The  soundness  of  the  conclusion 
reached  in  reference  (L.  91)  regarding  the  role  of  positive  ions 
in  breakdown  formation  were  thus  opened  up  to  serious  doubt. 


Fig.  43.  The  dependence  or  E.  on  voltage  application 
time  using  square  pulses?r  1-  N-nonane;  2-  N-hex- 
ane . 


Following  these  reports  the  same  experiments  were  again  car¬ 
ried  out  for  N-hexane  (L.  112).  Oscillograms  of  square  pul¬ 

ses  used  for  performing  these  experiments  are  shown  in  Fig.  44. 
Steel  spheres  were  used  for  electrodes.  The  liquid  was  thorough¬ 
ly  purified  with  sulfuric  acid,  distilled  and  filtered  prior  to 
the  experiment.  The  amplitude  of  the  pulses  gradually  increased 
up  to  breakdown. 

In  the  experiments  the  distance  between  electrodes  was  vari¬ 
ed.  Although  the  range  of  variations  was  quite  small,  still  it 
was  possible  to  fix  the  breakdown  formation  time  corresponding 
to  ar.  increase  1  in  that  distance,  as  can  be  seen  from  the  exper- 
inental  curves  of  Fig.  45.  From  these  data  it  follows  that  the 
motion  of  charges  in  the  interelectrode  gap  would  play  some  kind 
of  a  role  or  another.  But  it  remained  unclear  as  to  whether  one 
was  justified  in  ascribing  this  to  the  motion  of  positive  ions. 

It  is  possible  to  conclude  from  the  curves  of  Fig.  45  that 
for  interelectrode  distances  of  several  tens  of  microns  the  time 
t0  is  equal  to  only  fractions  of  a  microsecond.  Therefore  it  is 
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necessan'  to  take  strict  account  of  the  "linearity"  of  the  pulses. 
When  there  is  some  departure  from  such  linearity  determination  of 
the  time  of  formation  may  be  inexact. 


Fig.  44.  Oscillograms  of  square 
pulses.  The  period  of  the 
graduated  oscillations  (pulses) 
on  the  axis  of  the  abscisa  is 
ecual  to  0.1  microsecond. 


Fig.  45.  Dependence  of  E.  of  N- 
hexane  on  the  duration  orr  souare 

pulses  for  various  interelectrode 
widths.  2.  2-1=5 , 08 •  10" "'em; 2-1- 
6.35‘10~cm;3-Z=7.62 •  10“-xm; 

8 . 89 • 10"^cm. 


In  Fig.  46  the  parameters  are  designated  for  one  souare 
pulse  from  the  oscillogram  in  Fig.  44.  Breakdown  formation  may  begin 
at  F,  and  may  come  to  an  end  on  a  portion  of  the  amplitude  drop 
following  the  attainment  of  a  maximum.  The  time  of  formation  would 
then  be  greater  than  (Fig.  46).  For  a  mobility  of  charged 
particles  k  and  with 


one  may  write  for  the  spark  gap  width: 


l=*kEm'-m-Yk 


EdE, 


where  r^  and  ^  are  the  rate  of  growth  and  amplitude  drop  of  the 
pulse  dFi/dt.  This  integral  must  also  take  into  account  those  dis¬ 
tances  which  are  covered  by  the  charged  particles  during  the 
growth  and  fall  in  E. 


From  (15)  anu 


(17) 


Tp  will 


be  equal  to: 


V 


(18) 
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0.25  microbe  O.C  microtec 

Fig.  46.  Square  pulse  parameters 

According  to  the  oscillograms  the  value  of  Em  seldom  exceed¬ 
ed  Es  by  more  than  50%  even  for  short  pulses.  Consequently,  it. 
is  necessary  to  bring  into  the  calculation  inly  a  small  part  of 
the  interval  o?  growth  and  fall  in  E  (Fig.  46).  Therefore  it  is 

possible  to  consider  dE/dr  over  the  time  t,  and  -  as  constants. 

E  E  x  l 

Then  r.  =  m  and  r0  =  m  v/ cm  microseconds,  and  the  time  t': 

1  5725  2  075  p 

,;»,.+0,4S6[!-(A.)*].  (19) 

From  these  data  the  dependence  of  t ^  on  the  ratio  1/Em  is 

constructed  for  N-hexane  in  Fig.  47  (curve  1).  The  same  depend- 

» 

ence  is  depicted  by  curve  2  for  the  same  N-hexane  (r  ^  -  t) 
according  to  the  data  of  reference  (L.  91).  The  curves  obtain¬ 
ed  do  not  coincide.  It  follows  form  this  that  the  positive  ions 
in  the  development  of  breakdown  do  not  play  that  role  which  was 
ascribed  to  them  in  reference  (L.91),  apparently  because  of  an 
error  in  the  execution  of  the  experiment. 

It  is  interesting  to  note  that  the  breakdown  formation  time 
for  liquid  dielectrics  with  various  lengths  of  unbranched  mole¬ 
cule  chains  turned  out  to  be  about  the  same  (see  Fig.  48).  The 
distance  between  steel  spheres  in  the  experiments  was  equal  to 
6.35  x  10"3cm  (L.  112). 

The  same  situation  was  established  also  for  liquids  with 
branched  chains  as  is  clearly  seen  from  the  curves  for  N-hexanc 
and  for  2 ,4-dimethylpentane  in  Fig,  49.  These  data  also  give 
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testimony  to  the  fact  that  positive  ions  have  practically  no  role 
in  determining  the  duration  of  breakdown  formation  and  that  the 
motion  of  charged  particles  according  to  Fig.  45  need  not  be  as¬ 


cribed  to  ions. 


Fig.  47.  The  dependence  of  the  true  delay  time  t  in 
the  formation  of  breakdown  on  the  ratio  £m  for  n- 
hexane:  1-  according  to  reference  (L.  103);  -  accord¬ 

ing  to  reference  (L.  109). 


Fig.  48.  The  dependence  of  E,  of 
liquid  hydrocarbons  on  the  duration 
of  square  pulse  action.  1  •  n- 
decane;  2-  n-octane;  3-  n-heptane; 
4-  n-hexane. 


Fig.  49.  Dependence  of  E. 
of  two  isomers  of  heptane0 
on  the  duration  o£quare 

pulses.  1-  n-heptane; 
2-  2 ,4-dimethylpentane. 
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CHAPTER  4 


The  Effec*  of  Temperature,  Frequency  of  Applied  Voltage,  Elec¬ 
trode  Material  and  Electron  Emission  from  the  Cathode  on  the 
Electrical  Strength  of  Liquids 


4-1.  Dependence  of  Ebr  on  Temperature 

It  should  be  mentioned  that  there  are  very  few  thermally 
stable  insulating  liquids  and  that  the  limits  of  their  working 
temperatures  are  not  large.  The  most  reliable  in  this  respect 
may  be  considered  to  be  the  silico-organic  liquids  (sili-'one  oils) 
with  working  temperature  up  to  200°  C.  Further  mention  might  be 
made  of  the  insulating  liquid  put  out  in  America  under  the  name 
"vitamin  Q"  -  a  low  molecular  polyisobutylene  with  working  tem¬ 
perature  up  to  120°  C. 


A  liquid  dielectric  under  the  name  of  oktol,  the  domestic 
"vitamin  Q",  is  synthesized  also  in  our  country.  It  is  obtained 
in  the  co-polymerization  of  isobutylene  and  k-butylenes  from  the 
butane-butylene  fraction  of  cracking  gas  (L.  49).  Oktol  is  used 
in  the  impregnation  of  cables  and  condensers.  It  has  the  follow¬ 
ing  physical  and  electrical  characteristics: 


Specific  gravity . 

Melting  temperature  . 

Ignition  temperature . 

Viscosity  at  20°C  . 

Viscosity  at  100°C . 

Breakdown  voltage  at  20°C  .  .  .  . 
Dielectric  constant  at  20°C  •  .  . 
Bulk  resistivity  at  20°  and  90°C. 
Dielectric  loss  angle  t< ngent  at 
SOhz  and  20°C . 


.  0.86  g/cm3 

. 10°  C 

.  165  -  175°C 

•  •  •  13,820  centistokes 

. 97  centistokes 

•  •  .  .0.16-0.18  mv/cm 

. 2.3 

•3*1014  and  5 *10 13  Ohm  cm 

.  .  .  .  .10" 3 


sented  in  article  5-3. 


In  France  liquid  polyisobutylenes  are  put  out  under  the  name 
"polyel ectrene". 
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Overseas  the  liquid  dielectric  C20H14F24O4  under  the  arbi~ 
tary  trade  name  PFE-774  is  still  used  for  electrical  condensers. 
This  insulating  liquid  with  e  *  6.1  {at  25°  C  and- frequency  60  hz) 
has  no  color  or  odor,  has  a  high  thermal  stability  and  inertness 
with  respect  to  metals.  At  a  temperature  of  100°  C  its  viscosity 
does  not  exceed  3.7  centistokes.  Its  ignition  temperature  is 
equal  to  171°  C,  and  it  ignites  at  240^  C. 

The  overwhelming  majority  of  other  liquid  dielectrics  may 
function  for  a  long  time  at  significantly  lower  temperatures. 

For  example,  transformer  oil  oxidizes  relatively  rapidly  even  at 
90°  C.  Eut  the  breakdown  voltage  of  an  unoxidized  oil  at  such  a 
temperature  in  comparison  with  lower  temperatures  either  does  not 
decrease  or  even  increases  somewhat.  Upon  prolonged  heating  an 
aging  occurs  with  liquid  dielectrics  (see ^article' 5-3) .  To  pre- 
diet  the  intensity  of  this  process  from  the  breakdown  voltage  of 
the  fresh  portion  of  dielectric  is  not  possible. 

In  Fig.  SO  experimental  curves  of  the  dependence  of  E  =  f(t) 

bf 

are  presented  for  transformer  oil  according  to  the  data  of  various 
investigators  (L.  44,  92  &  93).  The  degree  of  purification  of 
the  oils  differed.  In  three  cases  the  appearance  of  a  temperature 
maximum  in  E^  was  noted.  It  was  not  observed  only  in  the  inves¬ 
tigation  of  highly  purified  oil  (curve  1).  The  poorer  the  purifi¬ 
cation  of  the  oil,  the  flatter  the  maximum  (curve  4).  Curve  5 
represents  the  change  in  viscosity  e.  For  a  steep  drop  in  this 
quantity  the  breakdown  voltage  of  highly  purified  oils  changes 
little.  In  the  temperature  range  of  7-  -  100°  C  however  the  vis¬ 
cosity  is  almost  unchanging,  and  falls  noticeably.  Thus  in 
the  range  from  20  to  100°  C  the  viscosity  has  no  appreciable  ef¬ 
fect  on  E^. 

The  absence  of  a  temperature  maximun  in  E^  for  thoroughly 
purified  transformer  oil  is  corroborated  also  by  other  investiga¬ 
tes  (see  Fig.  51)  (L.6S  &  113)-.  Breakdowns  were  produced  with  DC 
voltage  for  various  pressures  over  the  oils.  Reduction  in  Ebr 
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was 


noted  for  t  greater  than  100°  C. 


Fig.  50.  Dependence  of  E.  for  transformer  oil  on 
temperature  and  viscosity.  1-  according  to  Nikuradze 
(DC  voltage);  2-  according  to  Toriyama  (AC  voltage); 

3-  according  to  Spats  (DC  voltage);  4-  according  to 
Frieze  (AC  voltage);  5-  according  to  Nikuradze  for  vis¬ 
cosity. 


For  temperatures  below  2.010  Ebr  for  oil  increases  (see  Fig. 
52).  The  same  takes  place  for  condenser  sections  made  of  paper 
with  thickness  8  microns,  impregnated  with  the  same  oil  under  va¬ 
cuum.  For  temperatures  below  -40°  C  the  oil  becomes  semi-solid; 
its  density  increases  considerably,  and  along  with  this  Ej)r  also 
rises. 

KV 
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mm 

w?  60  on  wo  ‘r 


Fig.  51.  Dependence  of  U.  of  carefully  purified  trans 
former  oil  on  temperature01 for  various  pressures  over 
the  liquid.  1-  p  K  750  mm  hg;  2-  p  =  500  mm  hg;  3-  p  = 
250  mm  hg;  4-  p  =  10  »>m  hg. 


The  existence  of  a  temperature  maximum  for  transformer  oil 
in  reference  (L.  34)  is  explained  by  the  general  dependence  ot  E. 
on  dielectric  constant  (see  article  1-5).  The  authors  of  the 
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indicated  work  direct  attention  to  the  fact  that  although  trans¬ 
former  is  not  a  dipole  liquid  it  nevertheless  always  contain?:  some 
amount  of  moisture  and  weakly  polar  impurities.  Therefore  wh'n 
the  temperature  rise  c  decreases  somewhat. and  E^r  increases.  At 
80°  C  the  light  fractions  begin  to  boil  and  gas  bubbles  are  form¬ 
ed  in  the  oil,  thus  reducing  E^. 


i 


Fig.  52.  Dependence  of  E.  for  transformer  oil  on 
temperature  with  AC  voltage. 


One  may  obtain  seme  idea  of  the  effect  of  acidity  on  the 
temperature  trend  of  E^r  of  dry  transformer  oil  with  DC  voltage 
by  reference  to  the  curves  in  Fig.  53.  When  a  small  portion  of 
naphthenic  acid  (about  0.05%)  is  added  to  this  oil  the  value  of 
E^r  upon  increase  in  temperature  decreases  noticeably  (L.  45). 

Such  additions  :may  act  in  the  direction  of  increasing  the  number 
of  charged  particles.  In  the'  process  of  prolonged  use  at  elevat¬ 
ed  temperatures  the  acidity  of  the  oil  increases. .  therefore  their 
breakdown  voltage  must  also  become  less< 


Fig.  53.  Dependence  of  E,  of  transformer  oil  on  tem¬ 
perature.  1-  dry  oil;  2-  rthe  same,  but  with  an  addi? 
tion  of  about  0.05%  naphthenic  acid 


Over  the  last  decade  a  large  quantity  of  experimental  data 
on  the  breakdown  of  liquid  dielectrics  has  been  accumulated  for 
post  voltages  of  a  rectangular  or  almost  rectangular  wave  fo  m. 
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Formerly,  the  technique  of  generating  such  pulses  did  not  pro¬ 
vide  the  possibility  of  obtaining  voltages  greater  than  15  to  20 
kv,  and  therefore  breakdowns  were  produced  exclusively  in  gaps  of 
several  tens  of  microns.  Because  of  this  and  especially  care¬ 
ful  measurement  of  distances  be^weens  the  electrodes  was  requir¬ 
ed  as  well  as  the  exclusion  of  influence  from  any  suspended  par¬ 
ticles  in  the  liquids. 

This  state  of  the  experimental  technology  was  apparently 
the  reason  for  a  large  divergence  in  the  results  in  the  various 
workers  (L.  21  &  91).  In  regard  to  determining  the  temperature 
trend  of  E^r  for  n-heptane  (CyH^g).  This  liquid  in  both  cases 
was  thoroughly  purified  and  therefore  there  are  no  bases  for  be¬ 
lieving  that  the  similar  divergences  in  these  cases  were  caused 
by  impurities  or  contamination. 

In  agreement  with  tne  data  of  reference  (L.  21),  when  the 
temperature  rises  the  decrease  in  E^  and  in  the  density  of  n- 
heptane  may  be  represented  by  a  single  straight  line;  in  Fig.  54 
it  is  shown  as  a  dotted  line  (curvel).  The  experimental  values 
of  E^r  are  indicated  by  circles  near  this  line.  In  this  experi¬ 
ment  breakdown  occurred  in  a  0.0084  cm  gap  between  a  mercury  ca¬ 
thode  and  an  anode  of  steel.  The  duration  of  the  rectangular  pul¬ 
ses  was  equal  to  1.8  microsecond.  The  rest  of  the  curves  in  Fig. 
54  were  obtained  by  other  investigators  also  with  short  rectang¬ 
ular  pulses  (L.  91).  The  width  of  the  spark  gap  in  this  case  was 
equal  to  several  tens  of  microns,  but  the  electrodes  consisted  of 
steel  spheres  highly  polished  with  diamond  dust.  Curve  4  was  ob¬ 
tained  also  for  n-heptane.  By  comparing  curves  1  and  4  it  is  seen 
that  the  breakdown  voltages  from  the  data  of  reference  (L.  91)  is 
greater  than  those  from  reference  (L.  21) ,  and  with  an  increase 
in  temperature  it  falls  significantly  faster.  A  more  abrupt  drop 
in  E^r  in  comparison  with  a  decrease  in  density  was  confirmed  even 
for  other  liquids  (curves  2,3,  and  5).  It  is  curious  to  note  that 
according  to  one  renort  (L.  21)  n-heptane  received  more  careful 
purification. 
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Fig.  54.  Dependence  of  E.  of  liquid  hydrocarbons  on 
temperature.  Curve  1  is  rfrom  reference  (L.  104),  and 
curves  2-5  from  (L.  91). 


1-  n-heptane  (C^H^)  and  density  of  the  liquid;  2-  C 


14 


30 : 


3"  C10H22’  4"  C7H16  * 


5-  C6H14. 


In  reference  (L.  21)  when  the  voltage  was  turned  on  the  sur¬ 
face  of  the  mercury  cathode  did  not  remain  in  fixed  position,  and 
in  determining  E^  it  was  necessary  to  introduce  corrections. 

This  situation  for  such  small  distances  between  electrodes  undoubt 
edly  reduced  the  accuracy  of  the  measurements. 

The  temperature  dependence  of  breakdown  voltage  for  liquid 
hydrocarbons  of  the  paraffin  series  may,  according  to  the  data  of 
reference  (L.  11),  be  represented  by  the  following  formula: 

Enp  —  Clecjr,  (20) 

where  Cj  and  C 2  are  constants;  of  these  C2  does  not  depend  on  the 
electrode  material  but  rises  with  an  increase  in  the  work  func¬ 
tion  of  electrons  from  the  cathode. 


Apparently  this  formula  is  appropriate  only  for  very  small 
spark  gaps  and  short  pulses.  Experiments  with  wider  gaps  showed 
that  the  temperature  trend  of  the  reduction  in  E^r  is  found  to  be 
somewhat  different. 
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But  with  DC  voltage  and  very  small  distances  between  elec¬ 
trodes  1  the  regularity  of  the  drop  in  Ebr’  as  may  be  traced  from 
the  curves  of  Fig.  6,  become  more  complicated. 

The  curves  of  Fig.  55  were  obtained  for  breakdown  of  the  same 
hydrocarbon  liquids  of  the  paraffin  series,  but  the  distance  be¬ 
tween  the  spherical  electrodes  made  of  stainless  steel  were  in¬ 
creased  up  to  200  microns.  The  duration  of  the  rectangular  pulses 
equalled  4.5  microseconds.  A  pulse  generator  at  a  voltage  of  75 
kv  was  assembled  to  the  multiplication  circuit  of  reference  (L. 
56), 


The  liquids  under  study  were  distilled  several  times  and  fil¬ 
tered  through  a  filter  made  of  sintered  glass  with  pores  smaller 
than  1  micron.  In  order  to  remove  moisture  these  liquids  had  lain 
in  contact  with  silica  gel  for  several  weeks.  The  portions  of 
the  liquids  to  be  studied  were  subjected  to  breakdown  only  once. 
The  carefully  treated  electrodes  used  in  this  experiment  were  also 
used  only  one  time.  Ih  Fig.  55  the  dotted  line  touching  curve 
]  denotes  the  freezing  point,  and  the  lines  touching  2  and  3  the 
boiling  points. 

In  curve  1  (Fig.  55)  for  n-decanc  a  relatively  flat  section 
of  the  variation  of  may  be  noted  in  the  temperature  range  from 
15  to  45°  C.  Such  regions  in  Fig.  54  for  the  same  n-decane  are 
absent.  In  addition  to  the  influence  of  the  spark  gap  width,  a 
reason  of  this  lack  of  correspondence  might  be  found  in  the  non- 
uniform  state  of  the  electrode  surface  in  breakdowns  and  the  vary¬ 
ing  methods  for  purifying  the  liquids. 

On  the  other  hand  with  DC  voltage  with  however  a  spark  gap 
measured  in  fractions  of  a  millimeter  a  sharper  drop  in  values  of 
was  registered  for  hexane  (see  Fig.  56).  Here  the  dotted 
lines  also  denote  the  boiling  point  (L.  65). 
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According  to  reference  (L.  56),  when  the  voltage  is  switched 
into  the  interelectrode  gap  microscopic  gas  bubbles  are  formed. 
The  surface  tension  for  these  bubbles  decreases  with  a  rise  in 
temperature,  but  the  vapor  pressure  inside  increases.  This  situ¬ 
ation  creates  favorable  conditions  for  drawing  out  the  bubbles  a- 
long  the  lines  of  force  of  the  applied  field.  For  some  critical 
distance  of  removal  of  these  bubbles  one  from  the  other  the  pro¬ 
cess  of  shock  ionization  begins  and  the  dielectric  breaks  down. 


The  authors  of  reference  (L.  56)  believe  that  the  longer  the 
chain  of  molecules  in  the  hydrocarbon  liquids  of  the  paraffin  ser¬ 
ies,  the  greater  the  surface  tension  and  the  less  is  the  vapor 
pressure  within  the  bubbles.  In  order  to  draw  them  out  along  the 
field  it  is  necessary  to  apply  more  voltage.  Therefore  the  break¬ 
down  voltage  for  an  increase  in  density  becomes  higher. 

In  article  1-3  analogous  curves  of  the  temperature  dependence 
of  E^)r  were  run,  but  they  were  obtained  with  DC  voltage.  From  a 
comparison  of  Figs.  6,54  and  55  on  may  conclude  that  for  pulse  vol 
tage  the  effect  of  structural  factors  is  not  expressed  so  fully. 
However  this  conclusion,  apparently,  cannot  be  extended  to  a  sili- 
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co-organic  liquid,  whose  breakdown  voltage  with  DC  voltage  and 
with  1  =  4  x  10  ra  drops  smoothly  (see  curve  1,  Fig.  57).  In 
principle  there  is  only  a  certain  type  of  similarity  with  the 
temperature  trend  of  hydrocarbon  liquids  (curves  2  £  3)  and  it 
is  possible  to  isolate  only  one  particular  inflexion  point  for 
t  =  75°  C,  and  not  two,  as  in  Fig.  6. 
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Fig.  57.  Dependence  of  E.  on  temperature  for  insulat¬ 
ing  liquids.  1-  siliconeordimer ;  2-  n-hexane;  3-  n-de( 
ane. 


The  temperature  maximum  of  Ubr  for  post  voltage  is  found  al¬ 
so  for  such  a  highly  polar  liquid  as  distilled  water,  but  with  a 
sharply  inhomogeneous  electric  field  (see  Fig.  58).  It  is  inter¬ 
esting  to  note  that  the  values  for  the  dielectric  constant  of 
water  for  a  rise  in  temperature  decrease  noticeably  (L.  114).  Fo 
such  sharply  inhomogenous  electric  fields  the  effect  of  polarity 
is  established  for  water  (L.  103).  As  in  the  case  of  the  break¬ 
down  of  air  gaps,  Ubr  of  water  is  significantly  higher  for  a  pos¬ 
itive  point  in  plane  than  for  the  opposite  polarity  for  the  point 

Interesting  data  on  the  variations  of  values  of  for  tran 
itions  of  sulphur  from  the  solid  into  liquid  and  afterwards  into 
the  gaseous  state  (between  -200  and  1000°  C)  have  been  obtained 
in  references  (L.  114  and  115). 


I 


Fig.  58.  Dependence  of  U.  and  the  dielectric  con¬ 
stant  of  distilled  water  on  temperature. 

4-2.  The  Influence  of  the  Applied  Voltage  Frequency 

! 

The  dependence  of  Ebr  of  liquids  on  the  frequency  of  the 
applied  voltage  is  a  subject  of  great  interest  in  practice.  As 
,  an  example  we  may  point  out  that  high  voltage  field  condensers 

with  duralumin  plates,  filled  with  clear  transformer  oil  having 
very  high  purity  (purified  with  30$  concentrated  may  op- 

f  !  erate  in  high  voltage  smelting  furnace  circuits  for  several  years 

when  the  working  voltage  is  E  *  3  kv/cm  at  a  frequency  of  f  =  2 
,  .  x  105  hz. 

I 

In  other  countries  an  insulating  liquid  which  goes  by  the 
name  of  "lectronol"  is  recommended  for  such  condensers  with  alu¬ 
minum  plates.  It  is  obtained  from  dibuty1  and  sebacic  acid 

[CgHi6  (COOC4H9)2l.  This  liquid  is  colorless.  Some  electrical 
and  physical  properties  of  this  liquid  follow  (L.  49  &  116): 


Specific  gravity . 0.94  g/cm3 

Solidification  temperature . -10°C 

Ignition  temperature . 170°C 

Viscosity  at  38°C . 6  centistokes 

Breakdown  voltage  at  58  hz 

and  1  >  1  mm . 0.14-0.16  mv/cm 

Dielectric  constant  at  2S°C . 4.4 

Dielectric  loss  angle  tangent 
at  10  khz  in  the  temperature 

range  30  -  100°C . <1. 5*10~4 
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The  dependence  of  the  breakdown  voltage  of  this  liquid  on 
the  distance  between  plane  electrodes  in  the  capacitors  at  a  fre¬ 
quency  of  500  khz  is  the  same  as  for  transformer  oil.  Lectronol 
absorbs  a  relatively  large  amount  of  water,  but  for  it  the  reduc¬ 
tion  in  Ejjj.  is  much  less  than  for  transformer  oil,  with  the  same 
degree  of  humidification. 


At  a  frequency  of  500  khz  the  breakdown  voltage  of  lectronol 
decreases  by  approximately  60%. 


It  was  mentioned  above  that  for.  exposures  less  than  from  1 
to  2  x  10”6  seconds  the  values  of  E^  of  the  liquids  increase. 
Therefore  for  frequencies  of  10^  hz  one  would  expect  a  rise  in  Ebr 
if  there  «e i;  nq  influence  from  other  factors  facilitating  the 
drop  ir.  E^,  for  instance  *  the  .generation  of  heat  from  dielectric 
loses.  In  the  case  of  cold  emission  of  electrons  and  their  cap¬ 
ture  by  molecules  of  the  liquid,  bulk  negative  charges  may  form 
at  the  cathode,  and  with  a  change  in  polarity  the  ’'former"  cath¬ 
ode  the  field  intensity  may  rise  drastically  and  breakdown  may 
occur.  - 


In  references  (L.85  &  117)  such  breakdowns  experienced  in 
turpentine,  transformer .oil  and  paraffin  oil  at  frequencies  50 
and  3,2  x  10^  hz  are  reported.  An  especially  unique  dependence 
of  Uj^  on  frequency  and  interelectrode  distance  1  is  revealed  for 
turpentine.  If  we  designated  the  breakdown  voltages  at  frequen- 

4  ♦  »* 

cies  50  hz  and  3.2  x  10  hz  respectively  by  and  ,  then 

for  1  less  than  3  mm  the  magnitude  of  U.  is  greater  than  that 

t  Dr  fl 

of  U^r  ,  but  for  1  greater  than  3  mm,  on  the  contrary,  U^r  is 
less  than  U^r  .  And  in  the  case  of  1  *  3  mm  the  breakdown  volt¬ 
ages  are  the  same. 

For  a  distorted  wave  form  of  a  sinusoidal  AC  voltage  of  50 
hz  (sharp  peaks)  the  breakdown  voltages  of  some  liquids  ar »  high¬ 
er  than  with  flat  peaks.  This  difference  in  is  manifested  in 
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some  tens  of  breakdowns  in  on6  single  liquid  (,L.  11$  -  121). 


For  transformer  oil  when  the  frequency  is  increased  up  to 
800  hz  and  1  is  held;  fixed  the  values  of •  E^r  rise.  The  corres¬ 
ponding  data  are  presented  in  Table  21  for  two  kinds  of  oils  hav¬ 
ing  differing  degree  of.  purification  (A  &  E). 


Table  ;2i(.  Values  of.  the  breakdown  voltage  for  trans¬ 
former  oils . 


Frequency, 

hz 

Breakdown'  Voltage  - 
-mV  (max)  ...  .; 

Frequency, 

?  -hz  '  -  -  .  ' 

.  v  w 

-Breakdown  Voltage 
mV.-fmax).  . . 

.  Ar"r.: 

-  B  *. 

■k 

B  .. 

0' 

>0i 025 

,  "i'  '  ; 

150  ‘ 

0.430 

0.540 

25 

.0.340  , 

225. 

0.470 

0.570 

50 

0.380  ' 

..  0.480 

800 

0.610 

But  on  the  other  hand  for  /frequencies  greater  than  800  hz 
a  drop  in  5^r  takes  place  (L.  122) ;  We  may  follow  such  a  regular 
ity  in  the  curves  of  Fig.  59  which  is  also  for  transformer  oil. 

In  this  same  figure. the  dielectric  loses  (tg  5)  are  indicated  by 
means  of  Fig.  4.  They  rise  continuously  with  an  increase  in  fre¬ 
quency,  a  fact  which  is  important  with  respect  tc  the  transition 
to  a  electrical  form  of  breakdown  to  the  thermal  form. 


Fig.  59.  Dependence  of  E.  and  tg  6  of  transformer 
oil  on  frequency  of  applied  voltage.  1-  distance  be¬ 
tween  spherical  electrodes  1  «  1  mm;  2-1=2  mm;  3- 
1=4  mm;  4-  values  of  tg  5. 


The  variations  in  breakdown  voltages  for  transformer  oil  and 

xylene  with  various  distances  between  the  electrodes  and  frequen- 

5  7 

cies  in  the  range  from  4  x  10  to  1.2  x  10  hz  are  represented  by 
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curves  in  Figs.  60  and  61.  Here  the  same  regularity  is  recogniz¬ 
ed  in  the  dependence  =  ¥  (1)  as  was  seen  in  Fig.  59:  for  a 
fixed  frequency  and  an  increase  in  1  the  values  of  Hbr  •>  ecrease. 
For  f  =  lO^hz  the  breakdown  voltage  already  has  little  dependence 
on  the  interelectrode  distance  (L.  85  &  12?). 


Fig.  60.  Dependence  of  U.  of 
transformer  cil  on  interelec¬ 
trode  distance  for  various 
frequencies.  1-  sphere-sphere, 
f=4.0  x  105hz;  2-  same,  but 

f=8.6  x  105hz;  3-  point-sphere, 

f=4.5  x  105hz;  4-  sphere- 

sphere,  f=2.4  mhz;  5-  point- 

sphere,  f=8,6  x  105hz;  6-  same, 
but  f=2.4  mhz;  7-  sphere- 
sphere,  f=12  mhz;  8-  point- 
sphere,  f=12  mhz. 


Fig.  61,  Dependence  of  U.  of 
xylene  on  interelectrode  ^dis¬ 
tance  for  various  frequencies, 

1-  sphere-sphere,  f=4  x  105hz; 

2-  same,  but  f=8.6  x  105hz;  3- 
same,  but  f=2.4  mhz;  4-  same, 
but  f=12  mhz;  5-  point-sphere, 
f=4  x  105hz;  6-  same,  but  f=8.6 
x  105hz;  7-  same,  but  f = 2 . 4  mhz; 
7-  same,  but  f=2.4  mhz;  8-  <?ame, 
but  f=12mhz 


Interesting  regularities  were  discovered  in  an  investigation 
of  transformer  oil  and  xylene  in  the  temperature  range  from  -10 
to  148°  C.  Breakdown  was  produced  in  a  gap  of  1  =  1  mm  between 
spherical  electrodes.  The  frequency  was  varied  within  the  limits 
4  x  10‘  -  1.2  x  10  hz.  The  curves  opbtained  are  presented  in  Fig. 
62  (L.85).  They  have  a  temperature  maximum  which  shifts  into  the 
region  of  higher  temperatures  as  the  frequency  is  increased.  But 
the  maximum  values  of  E-Dr  decrease  in  the  process.  Numerical  data, 
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referring  to  these  maxima,  are  corrected  in  Table  22. 


One  may  hypothesize  that  for  specified  temperatures  and  fre¬ 
quencies  the  electrical  form  of  breakdown  passes  over  to  the 
thermal  form. 


Fig.  62.  Dependence  of  U.  of  xylene  and  transformer 
oil  on  temperature  for  various  frequencies.  1,3, 4, 5 
xylene;  2, 5, 6, 8  -  transformer  oil;  1  and  2  -  f=4  x  10s 
hz;  3  and  5  -  f=8.6  x  105hz;  4  and  6  -  f*2.4  mhz;  7  and 
8  -  f=  12  mhz. 


The  dielectric  loses  in  a  unit  of  volume  of  the  liquid  are 
equal  to: 


W  = 


toe _ 

4n *9  »10 1  * 


(21) 


tg6E2  [watt/cm3] 

These  depend  on  temperature  to  the  extent  that  the  dielectric  loss 
coefficient  e  tg  6  depends  on  temperature. 

The  existence  of  two  relaxation  maxima  for  the  loss  angle  tan¬ 
gent  is  considered  possible  -  a  low  temperature  and  a  high  temper¬ 
ature  maximum  (L.  85).  When  the  frequency  is  increased  Ejjr  is  re¬ 
duced.  Consequently,  the  losses  may  rise  owing  to  an  increase  in 
a)  and  may  fall  owing  to  a  decrease  in  E.  But  the  efficiency  of 
the  convective  extraction  of  heat  from  the  interelectrode  gap  to 


the  upper  layers  of  the  liquid  depends  on  the  liquid’s  viscosity 
and  the  latter  depends  On  temperature.  This  whole  set  of  depend¬ 
ences  in  the  complicated  process  of  heat  generation  and  heat  ex¬ 
traction,  and  also  the  possible  effect  of  space  charges  on  the 
emission  of  electrons  from  the  cathode,  underlies  the  occurrence 
of  maxima  in  Ebr  and  their  shift  in  the  direction  of  higer  temp¬ 
eratures.  A  .more  complete  and  satisfying  explanation  for  this 
regularity  has  .tanwhile  not  been  found. 


Table  22.  Maxima  in  the  breakdown  voltages  of  trans¬ 
former  oil  and  zylene  for  various  frequencies. 


frequency  Temperature  •  Maximum  value 
Liquid  Hz  at  maximum,  of  Eb  ,  kv/cm 

_  .  centigrade  D 


Xylene 

44U? 

32 

163 

same 

8,6.10* 

’  38 

159 

same 

2,440? 

•13 

150 

same 

1,240* 

.  58 

105 

Transformer  oil 

-  i  n  t«S 

'*  |V  »w 

00 

«•*«* 

•  to 

same 

8,6.  to"* 

no  • 

150 

same 

2,140? 

120 

136 

same 

1,240* 

122 

90 

Some  othe.  dependences  of  U^r  *  psi  (l,t)  were  discovered  for 
polar  liquids  of  electrodes  consisting  of  a  point  and  a  plane.  It 
turned  out  that  for  frequencies  up  to  7  x  10^  hz  the  breakdown 
voltage  of,  for  instance,  nitrobenzene  and  water  has  practically 
no  dependence  on  temperature.  A  reduction  in  Ubr  is  observed  only 
at  temperatures  close  to  the  boiling  temperature  (L.  123).  At  a 
frequency  of  7  x  10  hz  and  higher  a  monotonic  decrease  in  Ubr  is 
observed.  For  mixtures  of  two  liquids,  however,  the  breakdown 
voltage  maxima  are  fixed  for  specified  frequencies. 

As  the  viscosity  of  methylpolysiloxane,  phenolethanolamine, 
dicholorobenzene  and  others  is  reduced  at  low  frequencies  the  val¬ 
ues  of  Ubr  rise,  but  for  high  frequencies  they  decrease  (L.  123). 
Such  a  dependence  is  found  also  for  electrodes  consisting  of  a 
sphere  and  a  plane.  The  increase  in  Ubr  for  low  frequencies  is 
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explained  by  the  more  efficient  extraction  of  heac,  but  the  de¬ 
crease  in  at  high  frequencies  is  explained  by  the  unfavorable 
conditions  for  the  attachment  of  electrons  to  molecules  of  the 
liquids . 

The  breakdown  voltage  of  transformer  oil  at  high  frequencies 
also  turns  out  to  be  dependent  on  external  pressure,  as  is  seen 
from  the  curves  of  Fig.  63.  Breakdown  was  produced  in  gap  of  1  = 
5.6  mm  between  spherical  electrodes,  and  also  between  a  point  and 
a  sphere.  As  the  frequency  is  raised  the  rate  of  growth  of  U^r 
equals  psi  (P)  slows  down,  and  for  f  =  1.2  x  10^  hz  the  breakdown 
voltage  has  practically  no  dependence  on  pressure. 


Fig.  63.  Dependence  of  of  transformer  oil  on  exter¬ 
nal  pressure  at  various  frequencies .  1-  sphere-sphere, 

f  *  4«105  hz;  2-  point-sphere,  f  =  4*105  hz;  3-  sphere- 
sphere,  f  =  8*10s  hz;  4-  point-sphere,  f  **  8*105  hz ; 

5-  sphere-sphere,  f  =  2.4  mhz;  6-  point-sphere,  f  =  2.4 
mhz;  7-  sphere-sphere,  f  =  12  mhz;  8-  point-sphere,  f  = 

12  mhz. 


Here,  in  addition  to  the  evolution  of  a  large  amount  of  heat, 
a  rather  significant  role  is  still  played  by  ionization  processes 
in  the  gas  bubbles.  At  high  frequencies,  as  was  the  case  for  short 
rectangular  pulses,  vai ious  types  of  impurities,  contamination,  and 
humidification  do  not  exert  a  large  influence  on  .  The  corres¬ 
ponding  numerical  data  are  reported  in  Table  23. 
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Table  23.  Breakdown  voltages  (kv)  for  transformer  oil 
having  various  degrees  of  purification. 


Frequency, 

Manufactured 

Humidified 

Filtered  Oil 

filtered  Oil 

Filtered  Oil 

hz 

Oil 

Oil 

with  2%  Butriic 
Acid  Added 

and  Dryed  Oil 

50 

<100 

<100~ 

<160 

25C 

310 

4*105 

66 

<65 

L  71 

83 

85 

From  the  tabic  it  follows  that  at  a  frequency  of  50  hz  fil¬ 
tering  and  drying  of  transformer  oil  may  be  employed  to  raise  U^r 
by  more  than  a  factor  of  3,  but  a  frequency  of  4  x  10S  hz  -  only 
by  131. 

4-3.  The  Effect  of  the  Electrode  Material 

It  has  long  been  observed  that  the  state  of  the  electrode 
surface  exerts  a  definite  influence  on  the  size  of  E^r  for  liquid 
dielectrics.  Contamination  and  oxidation  of  these  surfaces,  and 
also  an  insufficient  degassing  and  a  poor  polishing  job,  usually 
depress  E^r  (L.  62,  64,  96  and  124). 

In  reference  (L.  62)  Ebr  was  determined  for  ligroin,  hexane, 
and  xylene  using  electrodes  made  of  various  metals.  The  experi¬ 
ments  were  carried  out  with  an  AC  voltage  at  50  hz.  Comparatively 
large  spark  gaps  were  caused  to  break  down.  I'he  results  obtained 
are  presented  in  Table  24. 


Table  24.  Values  of  breakdown  voltage  (mv/cni)  of  liquid 
dielectrics  for  electrodes  made  of  various  metals. 


Liquids 

Iron 

Yellow  Copper 
(Brass) 

Lead 

Copper 

Aluminum 

Gold 

Zinc 

Silver 

Ligroin 

0.400 

0.420 

0.435 

0.455 

0.450 

-- 

0.490 

-- 

Hexane 

0.355 

0.370 

0.380 

0.435 

0.440 

0,430 

0.475 

0.480 

Zylene 

0.430 

0.410 

0.465 

0.470 

0.480 

0.485 

0.515 

0.535 

The  data  in  Table  24  are  arranged  in  order  of  increasing  E^. 
for  each  liquid  under  investigation.  The  few  exceptions  are  com¬ 
prised  of  only  the  values  of  E^  for  benzene  with  electrodes  of 
copper  and  aluminum;  for  hexane  with  electrodes  of  aluminum  and 
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gold;  of  xylene  with  electrodes  of  iron  and  brass. 


For  the  rise  in  E^r  it  is  possible  to  write  the  following 
inequality: 

Fe  <  Pb  <  Cu  <  41  <  Zn  <  Ag. 


Inasmuch  as  the  thermal  conductivity  of  the  metals  rises  in  ap¬ 
proximately  the  same  sequence,  the  conclusion  was  reached  that  the 
extraction  of  heat  from  the  interelectrode  gap  has  an  effect  on 


From  the  values  of  E^r  of  the  liquids  under  examination  we 
may  conclude  that  they  were  not  very  well  purified  and  with  in¬ 
creased  electrical  conductivity  they  were  able  to  break  down  as  a 
result  of  thermal  instability.  Therefore  the  reported  series  of 
inequalities  may  apparently  be  considered  typical  only  for  poorly 
purified  liquid  dielectrics. 

_3 

For  breakdown  in  gaps  of  1  =  from  1  to  10  cm  between  a  neg¬ 
ative  point  in  a  plane,  the  gaps  being  filled  with  highly  purified 
a-hexane,  no  influence  from  the  electrode  material  was  detected. 

The  experiments  were  conducted  with  DC  voltage  and  with  electrodes 
made  of  Cr,  Cu  and  A1  (L.  125).  Some  influence  was  noted  only  for 
the  negative  plane.  This  observation  was  explained  in  reference 
(L.  126)  by  saying  that  the  emission  of  electrons  from  the  points 
was  sufficiently  intense  for  any  metal.  But  it  is  possible  to  de¬ 
tect  its  effect  on  E^r  of  liquids  only  in  the  case  where  the  elec¬ 
trode  surface  is  cleaned  carefully,  degassed  and  polished  and  where 
the  emission  power  of  the  cathode  is  not  very  great.  These  con¬ 
ditions  are  satisfied  by  the  negative  planes  made  of  Cr,  Cu  and  Al. 

The  same  effect  is  noted  for  transformer  oil  with  pulses  with 
a  rise-time  of  1  microsecond  and  a  wave  length  of  3  microseconds 
(L.  127). 
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Reports  on  the  influence  of  electrode  material  on  E^r  for 
transformer  oil  and  n-hexane  for  a  spherical  electrode  shape  and 
with  DC  voltage  appear  in  references  (L.  100  &  128). 


For  the  experiments  with  n-hexane  iron,  copper  and  aluminum 
spheres  were  shaped  or  turned  from  solid  pieces  of  the  metals,  and 
the  chromium,  platinum,  nickel,  and  silver  spheres  were  fabricated 
by  depositing  these  metals  on  brass  by  an  electrolytic  means  (L. 
100).  The  liquid  was  thoroughly  purified.  The  discharge  currents 
were  limited  with  an  ohmic  resistor  of  value  18  megohmns. 

The  measured  values  for  E^  of  un-degassed  electrodes  of  chro¬ 
mium  and  silver  are  shown  in  the  form  of  stepped  curves  in  Fig.  64. 
Along  the  axis  of  the  abscissa  is  plotted  the  number  of  breakdowns 
following  one  upon  the  other.  The  small  increase  in  values  of  E^ 
in  article  3-1  is  explained  by  the  degassing  of  electrodes  with  an 
electrical  spark.  If  they  are  carefully  polished,  cleaned  and  de¬ 
gassed,  then  such  an  increase  in  Ebr  is  not  observed.  Consequently 
in  the  given  case,  only  the  treatment  of  the  electrode  surfaces, 
and  infact  mainly  the  cathode  surface  (condition  process),  has  a 
telling  effect.  This  effect  does  not  depend  on  the  liquid  being 
studied.  Information  on  the  effect  of  polishing  the  electrodes 
on  Ej)r  appears  in  reference  (L.  129). 
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Fig.  64.  Effect  of  electrode  material  on  E^r  for  hexane. 
1-  electrodes  of  chromium;  2-  electrodes  of  silver. 


Values  of  E^  for  un-degassed  n-hexane  and  for  un-degassed 
electrodes  of  various  materials  are  presented  in  Table  25  (L.  86). 
Here  also  are  shown  data  on  the  electron  work-function  in  vacuum 
from  un-degassed  metals  (cathodes)  (L.  130  &  131). 
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Table  25.  Breakdown  voltage  of  n-hexane. 


Electrode  Metal 

Breakdown  Voltage,  mV/cm 

Electron  Work  Function 
From  iln- degassed 
Metals,  ev 

Mean 

Minimum 

Maximum 

Chromium 

mil 

0.584 

0.952 

_  .. 

Iron 

HU 

0.486 

0.993 

3.02 

Si lver 

0.676 

0.486 

0.912 

3.09 

Copper 

0.814 

0.527 

0.972 

3.89 

Platinum 

0.737 

0.560 

0.872 

3.63 

Nickel 

0.873 

0.592 

1.012 

3.68 

Aluminum 

0.756 

0.576 

0.992 

1.77 

Note:  Liquid  and  electrodes  not  de-gassed. 

According  to  the  mean  values  of  E^r  in  this  table,  one  may 
construct  a  new  inequality: 

Ag  <  Pt  <  A1  <  Cr  <  Cu  <  Fe  <  Ni 

This  does  not  coincide  with  the  sequence  in  the  inequality  for 
electron  work-function  in  vacuum  from  un-degassed  metals.  For 
platinum  and  nickel  the  work-function  is  almost  identical.  But 
the  breakdown  voltage  of  n-hexane  with  electrodes  of  nickel  is 
significantly  larger.  With  aluminum  which  has  the  smallest  work- 
function  the  values  of  E^r  for  n-hexane  were  found  ‘.o  be  by  no  means 
the  smallest.  Therefore,  we  may  conclude  that  there  is  no  corre¬ 
lation  at  all  between  the  quantities  being  compared. 

For  n-hexane  which  has  been  degassed  and  distilled  many  times 
and  with  cleaned  and  degassed  electrodes  somewhat  differing  data 
are  obtained;  they  are  shown  in  Table  26. 

Judging  from  these  data  the  influence  of  the  electrode  materi¬ 
al  on  Ebr  for  n?hexane  is  not  large.  The  inequality  derived  from 
the  growth  in  values  of  E^  for  this  case  would  be  as  follows: 

Cu  <  Ag'  <  Fe  <  Cr 
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A  significant  effect  of  electrode  material  has  been  estab¬ 
lished  for  breakdowns  in  very  thoroughly  purified  transforme'-  oil 
in  reference  (L.  37).  The  greatest  effect  with  regard  to  the  in¬ 
crease  in  E^r  for  oil  was  attained  by  passing  it  through  a  filter 
with  pores  of  diameters  smaller  than  1  micron. 

The  experimental  values  of  E^r  for  DC  voltage  and  1  =  100 
microns  are  reported  in  Table  27. 


Table  26.  Breakdown  voltage  for  n-hexane 


Electrode  Metal 

Breakdown  Voltag 

e,  mV/ cm 

Mean 

Minimum 

Maximum 

Chromium 

0.899 

0.673 

1.093 

Iron 

0.872 

0.754 

0.952 

Silver 

0.826 

0.576 

1.016 

Copper 

0.823 

0.576 

0.972 

According  to  the  data  of  Table  27,  when  transformer  oil  is 
saturated  with  air,  its  E^  is  reduced  sharply.  However,  small 
additions  of  air  produce  the  opposite  effect.  The  greatest  value 
of  E^  was  observed  when  using  electrodes  of  stainless  steel. 


Table  27.  Effect  of  electrode  material  on  the  break 
down  voltage  of  transformer  oil 


Electrode 

Material 

Breakdown  Voltage 
mV/ cm 

Stainless  Steel 

1.025 

Chromium 

0.865 

Steel 

0.890 

Copper 

0.886 

Aluminum 

0.880 

Stainless  Steel 

(oil  saturated 

with  air  at  760 

mm  Hg) 

0.670 

Aluminum  (oil 

also  saturated 

with  air] 

0  570 

In  order  to  elucidate  the  effect  of  the  cathode  and  anode 
material,  breakdowns  were  produced  in  oil  with  electrodes  made  of 
various  metals.  If  the  air  content  in  the  oil  was  small,  then  in 
all  cases  the  cathode  material  exerted  an  influence  on  E^.  But 
when  the  oil  was  saturated  with  air  the  anode  had  the  most  promi¬ 
nent  effect. 
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According  to  the  report  (L.  132),  the  breakdown  voltage  of 
heptane  and  ligroin  may  be  raised  by  a  factor  of  2  or  more  by  means 
of  a  fine  polishing  of  the  electrode  surfaces  and  a  thorough  de¬ 
gassing  of  the  same.  From  data  on  the  influence  of  the  degree  of 
oxidation  of  the  cathode  on  the  electrical  strength  of  transfor¬ 
mer  oil  are  presented  in  reference  (L.  133). 

From  the  statements  made  above  we  may  form  the  conclusion  that 
the  material  of  the  electrodes  has  an  effect  on  the  of  differ¬ 
ent  liquid  dielectrics.  But  how  then  do  we  explain  the  differences 
of  opinion  which  occur  in  the  conclusions, formed  by  various  authors 
concerning  the  regularities  of  this  effect?  It  is  possible  to 
suppose  that  one  of  the  principal  reasons  is  lack  of  uniformity 
in  the  state  of  the  elctrode  surfaces.  We  have  already  mentioned 
above  the  effect  of  treatment  of  their  surfaces.  Moreover,  as  it 
turned  out  that  in  conjunction  with  the  electrode  material,  the 
liquid  under  examination,  and  also  the  interelectrode  gap-width 
have  a  very  definite  effect.  According  to  the  data  of  reference 
(L.  09),  as  1  increases  the  effect  of  electrode  material  is  reduced, 
and  for  large  1  (several  millimeters)  it  ceases  entirely. 

Reports  on  the  joint  effect  of  the  nature  of  the  insulating 
liquids  and  the  electrode  material  appear  in  reference  (L.  42). 

The  experiments  were  carried  out  with  compressed  gasses:  argon, 
oxygen  and  nitrogen.  They  serve  as  good  objects  for  study,  since 
they  are  the  most  simple  of  all  the  liquid  dielectrics.  Regardless 
of  the  fact  that  they  have  no  particular  practical  value  for  the 
purpose  of  electrical  insulation,  they  have  a  series  of  valuable 
properties.  For  example,  compressed  argon  is  inert,  does  not  re¬ 
act  with  metal  electrodes  and  does  not  capture  free  electrons  (L 
134  &  133).  Diatomic  oxygen,  on  the  other  hand,  efficiently  cap¬ 
tures  electrons  and  forms  negative  ions  of  small  mobility.  Further¬ 
more,  it  enters  into  an  interaction  with  the  surface  layers  of  the 
electrode  metal  and  may  form  oxide  films. 
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In  the  experiments  of  reference  (L.  42)  breakdown  was  pro¬ 
duced  in  gaps  of  from  20  to  100  microns  between  spheres  iimediately 
after  breakdown  with  DC  voltage  the  spark  gap  was  shunted  with  a 
thyratron  and  the  discharge  came  to  an  end.  Therefore  the  forma¬ 
tion  gaseous  products  in  the  breakdowns  were  held  to  a  minimum. 

The  results  obtained  are  shown  in  ?able  28. 


Table  28.  Average  values  of  the  breakdown  voltage  with 
electrodes  of  various  materials 


Electrode  Material 

Electron  Work  !  Breakdown  Volta 

gfi,  aV/cna 

Function  in 
Vacuum,  ev 

Liquid 

Argon 

Liquid 

Oxygen 

Liquid 

Nitrogen 

Stainless  Steel 

— 

1.40 

2.38 

1.88 

Brass 

— 

'  .01 

1.44 

1.62 

Copper 

4.47 

(.40 

1.81 

-- 

Gold 

4,58 

1.16 

1,24 

1.50 

Platinum 

5.29 

1.10 

2.00 

2.24 

From  the  data  of  Table  28  it  is  also  possible  to  form  con¬ 
clusions  on  the  absence  of  correlation  between  the  values  of  E^r 
and  the  work-function  of  electrons  from  the  cathode  into  vacuum. 

For  the  liquids  that  were  investigated  the  following  qualities  were 
obtained : 


Compressed  gases  Inequalities 

Argon  Cu  +  Zn  <  Pt  <  Au  <  Cu  <  Fe° 

Oxygen  Au  <  Cu  +  Zn  <  Cu  <  Pt  <  Fe° 

Nitrogen  Au  <  Cu  +  Zn  <  Fe°<  Pt 

Here  as  is  conventionally  denoted  by  Cu  +  Zn,  and  stainless 
steil  by  -Fe°.  It  is  clear  from  the  column  of  inequalities  that 
Ej5r  for  compressed  gases  depends,  in  fact,  not  only  on  the  material 
of  the  electrodes  but  also  on  the  physical  and  chemical  properties 
of  the  liquids  being  studied.  This  joint  effect  comes  about  be¬ 
cause  of  the  oxide  insulating  films  on  both  the  cathode  and  on  the 
anode . 

Concerning  the  effect  of  these  films  on  for  liquid  argon 
of  purity  99.951  with  small  admixtures  of  nitrogen,  oxygen,  and 
hydrogen,  information  is  given  in  reference  (L.  45).  A  portion  of 
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the  experiments  was  conducted  with  spectroscopically  pure  liquid. 
The  electrodes  of  various  materials  were  placed  into  a  medium  of 
dry  air  for  oxidation  over  .a  specified  period  of  time  immediately 
following  polishing.  Portions  of  the  liquid  experienced  break¬ 
down  only  once  and  a 1 wavs  with  fresly  prepared  electrodes.  The 

_3 

distance  between  them  was  varied  within  the  limits  2  x  10  to 
10"2  cm. 


In  Fig.  65  experimental  curves  of  E^  for  liquid  argon  as  a 
function  of  the  degree  of  oxidation  of  the  electrodes  made  from 
various  materials  are  presented.  Along  the  axis  of  the  abscissa 
the  oxidation  time  is  plotted  in  minutes.  The  degree  of  oxidation 
was  according  to  convention  evaluated  from  the  duration  of  time 
over  which  the  electrodes  were  immersed  in  the  dry  air  medium. 


Fig.  65.  Breakdown  voltage  of  liquid  argon  as  a  func¬ 
tion  of  degree  of  oxidation  of  electrodes  made  of:  1- 
stainless  steel;  2-  copper;  3-  brass;  4-  gold;  5-  plati 
num;  6™  aluminum. 


For  unoxidized  electrodes  of  gold  and  platinum  the  values  of 
k^r  did  not  depend  on  the  duration  of  oxidation  (curves  4  &  5). 

The  occurrence  of  a  maximum  in  E^r  was  observed  for  electrodes 
made  of  stainless  steel  and  brass.  A  curve  which  sharply  differed 
from  the  others  was  obtained  for  electrodes  of  aluminum.  After 
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oxidation  of  these  electrodes  over  the  course  of  several  minutes 
the  values  of  E^  dropped  sharply  and  remained  constant  for  the 
subsequent  longer  oxidation. 

In  order  to  bring  out  the  separate  effect  of  the  cathode  and 
anode,  they  were  fabricated  out  of  different  metals,  as  also  in 
the  experiments  of  reference  (L.  37).  Oxidation  took  place  also 
in  a  medium  of  dry  air.  Data  on  the  electrode  material,  their 

oxidation  time  and  the  values  of  Ej)r  are  reported  in  Table  29. 

Based  on  these  data  one  may  conclude. that  only  the  surface 
state  of  the  cathode  can  be  considered,  to  be  absolutely  noh- 
decisive.  When  an  aluminum  (oxidized)  anode  is  replaced  with  an 
oxidized  anode  of  stainless  steel  (see  Table  29)  and  the  cathode 
remains  unchanged,  E^r  of" liquid  argon  increased  by  a  factor  of 
more  than  2  (0.69  and  1.44  mv/cm).  The  same  exchange  of  cathode 
metal  when  the  anode  of  aluminum  was  unchanged  permitted  2,  to  be 
raised  by  only  27$  altogether  (0,; 69  and  0.88  mv/cm).  From  Table 
29  it  is  also  seen  that  oxidation  of  the  stainless  steel  cathode 

only  exerts  a  small  influence  on  the  value  of  E^r,  if  the  anode  is 

not  oxidized  (made  of  gold). 


Table  29.  Effect  of  electrode  material  on  the  break¬ 
down  voltage  of  liquid  argon. 


Cathode  Material 

Oxidation 
Time,  min. 

Anode  Material 

Oxidation 
Time,  min. 

Breakdown  Voltage 
mV/ cm 

Aluminum 

15 

Aluminum 

15  ' 

0.69 

II 

15 

Stainless  Steel 

15 

1>44 

Stainless  Steel 

15 

Aluminum 

15 

0.88 

II 

15 

Stainless  Steel 

15 

1.86 

II 

0 

Gold 

-- 

1.22 

II 

17 

♦  1 

-- 

1.26 

The  effect  of  separate  oxidation  of  the  anode  and  cathode  on 
E^  of  the  same  liquid  argon  is  illustrated  by  the  curves  in  Fig. 
66.  For  an  unoxidized  anode  Ej^  for  the  cathode  rises  as  the  ca¬ 
thode  is  oxidized.  In  this  case  the  emission  of  electrons  from 
the  cathode  is  an  influential  factor.  When  the  thickness  of  the 
oxide  film  is  increased  the  intensity  of  emission  goes  down  and  E^ 
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rises  (curve  1).  On  the  other  hand,  as  the  degree  of  oxidation  of 
the  anode  goes  up  with  the  cathode,  (of  gold)  unoxidized,  E^r  de¬ 
creases  (curve  2).  The  mechanism  of  this  decrease  would  not  be 
completely  clear  if  we  did  not  make  the  assumption  that  an  insulat 
ing  or  semi -conducting  film  existed  on  the  surface  of  the  gold 
cathode.  Electrons.,  emitted  from  the 'cathode,  are  captured  by  im¬ 
purity  molecules  of  oxygen  and  form  negative  ions...  As  they  ap-r 
proach  the  oxide  f rlim  on  the  anode  they  increase  the  field  inten¬ 
sity  until  shock  Ionization  occurs i  The ^positive  ions  which  are 
formed  in  the  process  movb  to- the  cathode- and,  collecting  at  the 
oxide  film,  also  enhance:  the;  field  ihtensi.ty.  The  emission:  of 
electrons  is  thereby  reinforced  and  %r  decreases.  Without  such 
a  film  at  the  cathode  there  would  nof  be  any  reasons  for  Ej)r  to 
fall.  This  is  corroborated.,  for  '.nstance,  by  the  behavior  of  an 
oxide  cathode  and  a  stainless  steel  anode  described  in  Fig.  66 
{curve  3) . 


Fig.  66.  Effect  of  the  degree  of  separate  oxidation  of 
cathode  and  anode  on  E,  for  liquid  argon.  1-  both  elec¬ 
trodes  of  stainless  steel,  but  cathode  with  varying  de-  • 
gree  of  oxidation  and  anode  hot  oxidized;  2-  cathode  of 
gold  and  anode  of  stainless  steel  with  varying  degree  of 
oxidation;  3-  both  electrodes  of  stainless  steel,  but 
cathode  oxidized  over  a  period  of  24  hours  and  anode  with, 
varying  degree  oxidation. 


The  appearance  cf  a  maximum  for  E^r  in  Fig.  65  may  be  explain¬ 
ed  by  the  fact  that  with  slight  oxidation  of  the  anode  negative  ions 
do  not  collect  at  its  surface,  but  they  are  neutralized  in  touching 
the  anode.  The  value  of  is  then  determined  only  by  the  emission 
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of  electrons  from  the  cathode.  As  the  thickness  of  the  oxide 
film  is  increased  the  emission  becomes  weaker  and  Ej)r  rises.  But 
a  fall  in  E^  begins  only  in  the  case  where  an  insulating  film  is 
forming  on  the  surface  of  the  anode. 


The  sharp  drop  in  Ejjr  of  liquid  argon  (curve  6,  Fig.  65)  is 
explained  by  the  very  fast  oxidation  of  aluminum.  An  insulating 
film  on  the  surface  of  such  electrodes  is  formed  almost  immediate¬ 
ly,  as  soon  as  they  come  into  contact  with  air. 


The  effect  of  anode  treatment  on  the. value  of  breakdown  volt¬ 
age  for  n-hexane  was  observed  also  for  pulsed  voltage  (L.  136). 

For  a  surface  of  this  electrode  which  was  not  very  smooth 
dropped  by  about  91. 

It  was  mentioned  before  that  for  DC  voltage  there  exists  no 
correlation  between  the  electron  work-function  in  vacuum  and  the 
variation  in  E^  for  liquid  dielectrics.  This  is  undoubtedly  a 
consequence  of  the  strong  influence  that  the  state  of  the  cath¬ 
ode  surface  has  on  the  emission  of  electrons,  and  with  sufficient 
tiem  for  the  ions  to  travel  between  the  elecyrodes  -  also  a  con¬ 
sequence  of  the  influence  of  the  oxidized  anode.  For  pulsed- volt¬ 
age  the  emission  of  electrons  must  be  determined  only  by  the  con¬ 
dition  of  the  cathode  surface.  If  we  carry  out  experiments  with 
unoxidized  cathodes  made  of  various  materials,  then  for  short  pul¬ 
ses  it  wouid  be  possible,  and  one  would  succede,  in  establishing 
such  a  correlation.  According  to  one  report  (L.  91),  this  was 
actually  established  for  breakdowns  of  carefully  purified  n-hexane 
and  methyl  alcohol  (Fig.  67).  Here  the  work-function  of  electrons 
in  vacuum  is  plotted  along  the  axis  of  the  abscissa.  There  is  some 
doubt  to  be  attached  to  these  experiments,  but  only  as  a  result  of 
ti:e  fact  that  un-degassed  electrodes  were  employed. 

It  is  important  to  note  that  the  dependence  of  E^  on  elec¬ 
trode  material  is  expressed  also  in  the  breakdowns  of  certain  solid 
dielectrics  (L.  137-139),  and  even  in  the  growth  of  dendrites  in 
cr, stals  of  rock  salt  (L.  140). 
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4-4.  The  Role  of  Cold  Emission  of  Electrons  from  the 
Cathode 


On  the  basis  of  statements  made  in  the  preceeding  paragraph 
we  may  arrive  at  the  conclusion  that,  all  things  considered,  the 
effect  of  elctrode  material  on  E^  of  liquid  dielectrics  is  re¬ 
alized  through  the  emission  of  electrons  from  the  cathode,  although 
this  emission  was  considered  only  qualitatively.  In  the  present 
paragraph  quantitative  data  on  this  phenomenon  will  be  presented 
as  well. 

In  thoroughly  purified  nrhexane  with  DC  voltage  and  various 
distances  between  flat  polished  electrodes  of  steel  and  phosphor 
bronze,  the  current  density  turned  out  to  be  a  function  of  both 
the  material  of  the  electrodes  and  of  the  distance  1  between  them 
(Fig.  68).  The  current  was  measured  with  the  aid  of  an  electro- 
mete7 .  In  places  where  leakage  might ‘occur ,  guard  rings  of  gold 
were  used  (L.  91).  The  purification  of  n-hexane  to  be  examined  was 
discussed  in  in  §3-4. 


For  small  field  intensities  the  measured  current  density  may 
be  expressed  by  the  formula  J  =  Jgea^  where  is  the  ionization 
coefficient  in  the  Townsend  theory.  From  this  it  necessarily  fol¬ 
lows  that  the  emission  current  from  the  cathode  is  increased  by 
the  shock  ionization  mechanism.  The  coefficient  a  depends  on  the 

field  intensity.  For  air  (L. 65, 141, 142)  for  instance,  c.  is  about 

2  -  1  ' 
equal  c(E  -  EQ)  ,  and  for  some  liquids  it  is  equal  to  c  (E  -  EQ 


Extrapolation  of  the  curves  of  Fig.  68  to  1  =  0  gives  the  cur¬ 
rent  density  at  the  cathode  J^.  Its  dependence  on  E  turned  out  to 
be  the  same  as  in  the  Fowler  and  Nordheim  formula  for  the  cold 

emission  of  electrons  (L.  143): 


y  =  aE\e~*,e* , 


(22) 


where  E^  is  the  field  intensity  at  the  cathode;  a  and  b  are  con¬ 
stants  depending  on  the  work-function  <J>  of  electrons  from  the 
metal  into  vacuum  in  which  a  is  about  equal  to  1  / 4>  and  b  is 
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about  equal  to  phi  to  the  power  3/2. 


Fig.  68.  Current  density  fo^  highly  purified  n-hexane 
as  a  function  of  the  interelectrode  gap  width  1  for  var¬ 
ious  E.  1-electrodes  of  phosphor  bronze,  E=0.22  mv/cm; 

2-  same,  but  E=0.2  mv/cm;  3-  same,  but  E=0.18  mv/cm;  4- 
same,  but  E=0.16  mv/cm;  5-  same,  but  E=0.14  mv/cm;  6- 
electrodes  of  steel,  E=0.2  mv/cm;  7-  same,  but  E=0.18  mv/ 
cm;  8-  electrodes  of  phosphor  bronze,  E=0.12  mv/cm;  9- 
electrodes  of  steel,  E=0.15  mv/cm;  10-  same,  but  E=0.14 
mv/cm;  11-  electrodes  of  phosphor  bronze,  E=0.10  mv/cm; 
12-  electrodes  of  steel,  E=0.12  mv/cm;  13-  same,  but  E= 
0.10  mv/cm. 


The  discharge  of  electrons  into  the  dielectric  medium  is  ef¬ 
fected,  as  noted  above,  with  a  significantly  smaller  expenditure 
of  energy. 


Formula  (22)  may  be  considered  valid  only  for  the  temperature 
of  absolute  zero.  As  soon  as  there  is  a  measurable  rise  in  temper¬ 
ature,  thermal  emission  must  also  occur.  In  the  case  of  large 
field  intensities  a  drop  in  the  potential  barrier  for  the  discharge 
of  electrons  (Schotky  effect)  takes  place  (L.  144).  The  applic¬ 
ability  of  the  powler  and  Nordheim  equation  for  the  discharge  of 
electrons  into  vacuum  is  confirmed  in  references  (L.  145  &  146). 

According  to  reference  (I..  91),  the  experimental  points  for  J.  are 

2  K 

distributed  on  a  straight  line  in  the  coordinates  log  ( J^/e  )  and 
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1/E,  but  the  values  of  the  coefficient  a  and  b  diverge  widely  from 
the  theoretical  values  (Table  30). 

Table  50.  Experimental  and  theoretical  values  of  the 


coefficients  a  and  b  in  formula 

(22). 

Cathode  .Material  §  Discharge  of  Electrons 

a, a/ cm2 

b,v/cm 

Phosphor  Bronze,  Discharge  into  n-hexane 

2.76*10r2P 

2.6.10s 

(from  experiment) 

Steel,  Discharge  into  n-hexane  (from  experiment) 
Metal  with  work  function  phi  in  vacuum  (from  theory 

S.1'10"21 
l.S5«10"6  (T1 

2.66.10s 
6.8. 107  $/2 

The  work  function  phi  is  usually  equal  to  several  electron 
volts,  and  the  values  of  the  constants  for  n-hexane  and  vacuum 
differ  by  several  orders  of  magnitude.  Apparently,  equation  (22) 
is  not  wholly  suitable  for  the  emission  of  electrons  from  the 
cathode  in  n-hexane,  even  though  a  linear  dependence  is  obtained 
in  the  indicated  coordinates. 

In  the  preceeding  paragraph  it  was  reported  that,  in  addition 
to  the  field  intensity  and  work-function,  the  surface  condition  of 
the  electrodes  exerts  a  strong  influence  on  the  emission  of  elec¬ 
trons,  and  this-  condition  is  not  taken  into  account  in  formula  (22) 

The  poor  applicability  of  this  formula  for  the  emission  cur¬ 
rent  in  the  same  hexane  was  demonstrated  also  with  experiments 
(L.  147).  The  liquid  contained  99  mole  percent  of  n-hexane  and 
the  most  probable  impurity  which  was  methylcyclopentane.  This 
hexane  was  not  subjected  to  chemical  treatment,  but  was  thoroughly 
purmcd,  distilled,  and  dried.  Moreover,  the  liquid  underwent 
electrical  purification.  Measurements  of  current  for  DC  voltage 
was  carried  out  also  with  the  aid  of  an  electrometer.  For  elec¬ 
trodes  a  sphere  and  plane  were  used. 

When  the  DC  voltage  is  turned  on  the  currents  flowing  through 
the  liquid  ordinarily  fall  (sometimes  over  several  orders  of  mag¬ 
nitude)  during  the  first  ten  or  twenty  seconds,  and  then,  in  ap¬ 
proximately  one  minute,  adjust  themselves  and  again  show  almost 
no  variation  for-  several  hours  following.  In  the  experiments 
which  were  analyzed  the  current  measurements  were  conducted  within 
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one  minute  after  the  voltage  was  turned  on. 

Even  with  thoroughly  clean  electrodes  of  various  metals  the 
shape  of  the  I-'v  curves  appeared  not  to  be  uniform.  Their  slope 
with  respect  to  the  coordinate  axes  is  different  (see  Fig.  69). 

On  this  basis  the  conclusion  was  reached  that  the  Fowler  and  Nord- 
heim  equation  (22)  for  cold  emission  of  electrons  in  n-hexane  is 
not  applicable.  In  the  same  way  the  equation  for  thermal  emission 
turned  out  not  to  apply: 

J  =  AT2bri:-E)lkT.  (23) 

Current  measurements  in  reference  (L.  147)  were  performed 
for  electrodes  made  of  stainless  steel,  nickel,  gold  and  copper. 

For  the  work-function  of  electrons  from  these  metals  into  vacuum 
one  may  write  the  inequality 

Fe°  <  Ni  <  Au  <  Cu. 

The  size  of  the  currents  in  n-hexane  for  electrodes  of  these  metals 
and  with  other  conditions  identical  would  have  to  vary  in  the  same 
sequence.  But  in. reality,  as  is  seen  from  the  curves  of  Fig.  69, 
the  sequence  obtained  was  somewhat  different.  Based  on  this,  the 
author  of  reference  (L.  147)  also  came  to  the  conclusion  that  the 
determining  factor  in  emission  is  not  the  material  of  the  elec¬ 
trodes,  and  therefore  also  not  the  work-function  of  electrons  into 
vacuum,  but  it  is  the  thin  insulating  layer  on  the  surface  of  the 
cathode.  At  this  location  the  positive  ions  which  are  always  pres¬ 
ent  in  the  liquid  may  accumulate;  these  ions  increase  the  field 
intensity  and  consequently  also  enhance  the  emission  of  electrons. 
The  indicated  hypothesis  has  been  confirmed  in  the  experiments  of 
other  authors  over  the  last  few  years. 

In  order  to  obtain  a  definite  proof  for  the  existence  of 
shock  ionization,  one  ordinarily  measures  the  magnitudes  of  the 
currents  for  various  interelectrode  distances  and  various  applied 
field  voltages.  When  shock  ionization  is  present  for  currents 
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one  may 


which  flow  across  the  gaps,  which  have  widths  1^  and  1^, 
write: 


J,  =  )Geal1  and  J2  »  Jce  *2 
The  ratio  of  these  currents 

J1/J2  =  en(l 1  -  12)  (24) 

must  be  constant  for  electrodes  of  any  materials. 

From  the  curves  of  Fig.  70,  constructed  from  the  data  of  cur¬ 
rent  measurements  in  n-hexane  with  lj  =  420  microns  and  12  ~  100 
microns,  it  is  clear  that  the  relationship  (24)  is  not  fulfilled. 
For  electrodes  of  copper  there  is  almost  no  difference  in  the  val¬ 
ues  of  the  currents  (curves  1  &  2).  Consequently,  the  increase  in 
size  of  the  current  for  the  given  applied  field  voltage  is  deter¬ 
mined  not  so  much  by  shock  ionization  as  by  the  properties  of  the 
cathode  surface,  and  evidently  of  the  anode  surface,  as  one  might 
conjecture  on  the  basis  of  the  curves  of  Fig.  65  &  66.  On  the 
grounds  of  what  has  just  been  stated,  the  conclusions  reached  in 
reference  (L.  91)  should  be  approached  carefully. 


Fig.  69.  I-V  curves  for  n-hexane  when  the  cathode  ma¬ 
terial  1-  copper;  2-  nickel;  3-  stainless  steel; 

4-  gold 
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Fig.  70.  I-V  curves  for  n-hexane  with  cathodes:  i-  of 
copper,  1  =  420  microns;  2-  same,  but  1  =  100  microns; 

3-  stainless  steel,  1  =  420  microns;  4-  same,  but  1  =■ 

100  microns;  5-  gold,  1  -  420  microns;  6-  same,  out  1 
1  -  100  microns. 

The  effect  of  the  cathode  surface  condition  on  the  emission 
characteristics  in  n-hexane  can  be  illustrated  with  the  curves  of 
Fig.  71.  It  turned  out  that  after  the  cathode  of  stainless  steel 
is  heated  in  air  for  a  period  of  one  hour  at  600°  C  the  emission 
rises  and  after  heating  in  hydrogen  at  400°  C  it  falls  (curve  3). 
The  author  of  reference  (L.  147)  connects  the  growth  in  emission 
current  with  the  formation  of  a  comparatively  highly  insulating 
film  of  Fe203.  Curve  3  in  Fig.  71  is  composed  as  if  it  consisted 
of  two  parts  (see  the  dotted  line).  For  E  greater  than  100  kv/cm 
the  emission  current  rises  more  rapidly.  In  the  opinion  of  the 
author  (L.  147),  this  happens  either  because  of  an  increase  in  the 
emitting  area  as  a  result  of  damage  to  the  F^O^  layer,  or  by  rea¬ 
son  of  a  drop  in  the  work-function  of  electrons  from  the  cathode. 
The  effect  of  the  anode  is  not  examined. 

In  reference  (L.  43)  the  opposite  conclusion  is  reached  - 
linking  the  decrease  in  emission  from  the  oxide  cathode  to  a  rais¬ 
ing  of  the  potential  barrier  for  the  discharge  of  electrons  into 
liquid  argon  (see  curve  1  of  Fig.  66).  But  in  this  the  assumption 
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*s  made  that  sources  for  positive  ions  are  absent  and  that  re¬ 
inforcement  of  the  field  intensity  at  the  cathode  does  not  take 
place. 


Fig.  71.  I-V  curves  for  n-hexane 
with  a  cathode  of  stainless  steel. 
1-  cathode  without  supplementary 
treatment;  2-  hardened  at  6--  C  in 
air  for  a  period  of  one  hour;  3- 
hardened  for  a  period  o£  one  hour 
at  a  temperature  of  ^00°  C,  but  in 
hydrogen. 


A  detailed  investigation  of  samples  made  from  steel  of  the 
same  ^rand,  from  which  electrodes  were  fabricated  in  connection 
with  reference  (L.  147),  showed  that  after  thorough  polishing  a 
layer  consisting  of  90%  Cr20..  and  10%  Fe203  *s  actually  formed  on 
the  surface  of  the  metal  (L.  148). 


In  the  preceeding  paragraph  a  hypothesis  was  formed  about 
the  possible  formation  of  a  semi-conducting  or  insulating  film  on 
the  surface  of  gold  electrodes.  According  to  the  data  of  reference 
(L.  149),  this  metal  at  room  temperature  is  inert  with  respect  to 
02,  N2  and  H2,  but  it  asorbs  CO,  CH2  and  C2H2.  Therefore  one  might 
assume  that  the  formation  of  some  kind  of  film  on  the  gold  surface 
is  indeed  possible.  The  polished  surface  of  copper  is  usually 
completely  covered  by  a  layer  of  Cu20  running  in  depth  from  t00  to 
200  A  (L.  150).  This  layer  is  semi-conducting. 

Above  we  have  presented  arguments  in  favor  of  the  hypothesis 
that  the  increase  in  current  in  n-hexane  is  determined  chiefly  by 
the  emission  of  electrons  from  the  cathode.  Dut  what  role  is  play¬ 
ed  in  this  by  n-hexane  itself,  or  by  its  purification,  drying  and 
so  forth?  Discussion  of  this  question  also  appears  in  reference 
(L.  147).  Prior  to  the  experiments  the  n-hexane  was  given  a  pre- 
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liminary  purification  by  various  means.  Separate  portions  of  it 
were  distilled  many  times.  Moreover,  an  electrical  purification 
was  carried  out  over  the  course  of  a  week.  Other  portions  were 
kept  mixed  with  mercury,  water,  concentrated  I^SO^  and  concentrat¬ 
ed  NaOH,  But  not  one  of  these  types  of  operations  had  even  the 
slightest  noticeable  effect  on  the  I-V  characteristics  of  the  in¬ 
dicated  liquid. 

It  should  be  noted  that  these  data  do  not  completely  agree 
with  the  concept  about  the  way  in  which  positive  ions  affect  the 
intensity  of  electrode  emission  from  the  cathode.  The  number  of 
such  ions  relative  to  the  different  means  of  purification  undoubt¬ 
edly  underwent  some  variation,  but  the  emission  remained  practical¬ 
ly  the  same. 

it  might  be  possible  to  conjecture  that  at  a  given  applied 
field  voltage  equilibrium  was  established  between  the  approach  of 
positive  ions  to  the  insulating  layer  on  the  cathode  and  their 
neutralization  by  the  emitted  electrons.  But  then  the  growth  of 
emission  current  with  an  increase  in  applied  voltage  becomes  not 
at  all  clear. 

From  what  has  been  stated  above  it  follows  that  for  short 
pulses  only  some  positive  ions  reach  the  cathode.  A  local  field 
does  not  succeed  in  forming  at  its  surface  and  the  emission  of 
electrons  will  be  determined  only  by  the  work  function  and  the 
thickness  of  the  oxide  film. 

Therefore  in  order  to  form  the  breakdown  of  a  liquid,  the 
voltage  must  be  increased  relative  to  that  voltage  which  has  been 
applied  over  a  prolonged  period. 

In  connection  with  what  has  just  been  stated  a  question  arises 
concerning  the  role  of  positive  ions  emitted  from  the  anode.  Some 
experimental  data  on  this  are  given  some  consideration  in  reference 
(L.  151);  The  data  were  obtained  with  rectangular  pulses  of  dura- 
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tion  ranging  from  0.25  to  54  microseconds  and  with  the  largest 
amplitude  of  15  kv. 

Breakdown  was  produced  in  pure  filtered  ligroin  without  the 
impurity  theophene  .  A  water  solution  of  the  electrolyte 

HCL,  NaOH,  and  LiCl  served  as  one  electrode  (the  lower)  in  a  ver¬ 
tical  arranggement  of  electrodes.  The  distance  between  the  elec¬ 
trodes  was  equal  to  0.0084  cm. 

It  was  noticed  that  with  both  pulse  polarities  an  emission 
of  ions  took  place.  In  regard  to  the  effect  on  of  benzene 

their  individual  features  turned  out  to  be  unimportant.  When  the 
concentration  of  ions  was  increased  E^r  dropped  from  1.6  to  1.18 
mv/cm.  Such  a  decrease  appeared  somewhat  unexpected  for  a  pulse 
duration  of  0.25  microseconds. 

One  should  approach  an  evaluation  of  the  data  which  we  have 
accounted  for  in  a  very  careful  manner. 

If  the  mobility  of  ions  of  the  elctrolytes  indicated  above 
in  ligroin  do  not  exceed  the  value  of  5  x  10~^  cmVv  sec,  found 
in  experiments  with  n-hexane  (L.  74),  then  over  one  second  the  ions 
may  cover  only  about  61  of  the  total  path-length  of  0.0084  cm,  and 
over  the  time  of  action  of  one  pulse  (0.25  microsecond)  they  re¬ 
main  practically  in  place. 

Consequently,  no  field  distorsion  at  all  will  occur  in  the 
gap  under  investigation  if  the  mobility  of  these  ions  under  high 
field  intensities  does  not  increase  very  drastically,  a  situation 
which  has  small  probability. 

In  connection  with  what  has  been  stated  the  results  of  experi¬ 
ments  with  so  small  a  spark  gap  and  with  one  moveable  electrode 
should  be  considered  not  very  reliable. 
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Chapter  5 


A  RELATION  OF  THE  DIELECTRIC  STRENGTH  OF  LIQUIDS  TO 
CERTAIN  SECONDARY  PROCESSES  AKO  SURFACE  FLASHOVEB 

5-1.  Thermal  conductivity  of  liquids  in  an  electric  field 


Some  most  important  factors  determining  the  process  of  dielec¬ 
tric  breakdown  1  ike  impc ;t  ionization,  the  formation  of  avalanches 
and  streamers  are  usually  referred  to  as  primary  or  basis  ones. 
Considered  as  secondary  factors  are  gaseous  babbles,  local  over¬ 
heating,  the  formation  of  three-dimensional  charges  etc.;  they 
play  an  important  role  in  the  formation  of  breakdown  under  determined 
conditions  and  even  control  its  development  in  some  cases. 


The  curve  in  Fig.  35  has  indicated  that  the  breakdown  volta¬ 
ge,  Uj)V,  ,  of  transformer  oil  for  L  equals  2  cm  depends  very  much 

on  the  time  of  voltage  switching-in.  Lower  values  of  II  are 

br* 

observed  even  for  times  equal  to  tens  of  minutes  (Table  1?)  i.e. 
for  such  intervals  which  are  greater  than  the  time  of  breakdown 
forming  by  several  orders  of  magnitude. 


Secondary  factors  certainly  begin  acting  in  a  liquid  when 
voltage  close  to  the  breakdown  one  is  switched  on,  the  influence 
of  these  factors  increasing  with  time.  The  contribution  of  each 
above-mentioned  factor  can  be  taken  for  granted. 


Tests  have  shown  that  a  large  amount  of  charged  particles 
can  form  in  t.ne  interelectrode  .space  even  without  the  factor  of 
impact  ionization,  during  the  long  action  of  voltage  in  a  trans¬ 
former  oil.  The  presence  of  the  particles  is  detected  owing  to 
the  transfer  of  heat  energy  in  an  electric  field.  The  particles 
can  form  three-dimensional  charges  near  electrodes  and  can  favor 
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the  occurrence  of  cold  electron  emission  from  the  cathode  and 
perhaps  the  impact  ionization. 

The  tests  were  carried  out  according  to  the  schematic,  shown 
in  Fig.  72  (from  73).  Thoroughly  polished,  brass  spheres  12  cm 
in  diameter,  D,  were  mounted  vertically  in  china  vessel  1,  12  cm 
in  diameter,  filled  with  transformer  oil,  we  1 1  - c leaned ,  vacuum- 
dried,  and  filtered.  Heating  element  2  of  Nichrome  was  inserted 
in  the  upper  sphere.  The  element  was  supplied  by  means  of  trans¬ 
former  3  with  80  KV  insulation.  At  the  top  of  vessel  1  was  loca¬ 
ted  a  thermometer  4,  whose  lower  end  stood  at  the  level  of  the 
lowest  point  of  the  sphere.  Another  thermometer  5  was  installed 
inside  the  lower  grounded  sphere  and  contacted  its  sufrace  as 
shown  in  Fig.  72.  The  upper  sphere  was  under  tension  of  high- 
voltage  transformer  6  either  directly  (alternating  voltage)  or 
through  kenotrons  7  and  S  with  1-microfarad,  high-voltage  capa¬ 
citor  9  eor  pulsations.  Numbers  10  and  11  are 

assigned  to  the  network. 

At  first,  only  the  upper-sphere  heating  was  switched  on, 
for  2.5  hours.  Temperature  of  the  upper  heated  layer  of  trans¬ 
former  oil  was  recorded  along  with  those  of  lower .  unheated  one. 
The  upper  oil  layers  were  heated  up  to  a  higher  temperature  due 
to  convective  heat  transfer,  while  the  lower  ones  -  mainly  owing 
to  thermal  conductivity.  After  2.5  hours  high  voltage  was  sup¬ 
plied  in  the  pulse  manner  to  the  upper  sphere,  and  the  further 
heat  transfer  between  the  upper  and  lower  layers  occurred  in  the 
electric  fie  Id . 

Fig.  73  presents  corresponding  curves  of  temperature  changes 
in  the  upper  and  lower  layers  of  liquid.  The  curves  were  recor¬ 
ded  during  time  (2)  prior  to  switching  on  60  KV  direct  voltage  of 
positive  polarity  (a  hot  cathode  diode  worked',  and  during  time 
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Fig.  72.  Layout  diagram  of  tests  of  heat  transfer 
between  layers  of  transformer  oil  heated  to  different 
temperatures . 

(3)  after  the  voltage-  had  been  connected .  The  distance  between 
the  spheres  was  equal  to  6  cm  (E  equals  10  KV  per  cm). 

From  the  curves  it  is  evident  that  the  temperature  of  upper 
layers  of  the  oil  rose  from  20  to  liO^C  during  2.5  hours  without 
voltage,  and  '"hat  of  the  lower  layer ,  charged  from  20  to  26  C. 

The  temperature  increase  was  smooth.,  without  any  sharp  jumps, 
which  should  have  been  anticipated.  However,  the  lower-layer 
temperature  was  increasing  very  rapidly  after  switching  the  voltage 
on.  The  heat  transfer  occurred  downwards , from  above,  i.e.,  opposite 
the  natural  course  of  convection. 

The  upper  sphere  was  still  heated  after  switching  on  the 
high  voltage.  Therefore,  the  temperature  of  upper  layers  again 
was  increasing  a  little  after  the  aforementioned  decrease. 

After  the  period  specified  in  Fig.  73  the  high  voltage  was 
disconnected,  and  capacitor  9  was  discharged.  Then,  during 
period  T3  the  conditions  of  heat  transfer  between  oil  layers 
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changed  drastically  once  more.  The  temperature  of  the  lower 
layers  started  to  decrease,  while  that  in  the  upper  layers  in¬ 
creased.  After  58  minutes  the  same  60  KV  voltage  was  put  on 
the  upper  sphere  again,  and  during  the  period  of  this  voltage, 
"4,  the  heat  transfer  between  oil  layers  changed  sharply. 

Heating  of  the  upper  sphere  remained  unchanged.  This  fact  also 
explains  the  increased  temperature  cf  the  upper  oil  layers  after 
decrease  to  79°C.  Judging  by  the  curves  one  can  conclude  that 
the  variation  of  the  thermal  conductivity  of  transformer  oil  in 
an  electric  field  is  very  significant  for  heating  of  the  upper 
layer  to  110°C  and  more. 
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As  is  known,  the  volt-ampere  characteristic  of  some  very 
pure  insulating  liquids  has  the  form  presented  in  Fig.  75. 


The  current  flowing  through  the  section  between  electrodes 
remains  constant  or  increases  very  slowly  within  a  certain  range 
of  changes  of  E  from  10  KV  per  cm  and  more.  One  can  therefore 
assume  that  the  amount  of  current  carried  changes  also  very 
little.  As  is  known,  the  volumetric  resistivity  p  can  be  determi¬ 
ned  in  terms  of  this  amount  of  ions,  n,  their  charge,  e,  and 
nobility,  k0,  as  follows: 


ft  — 


I  a no_  l 

— —  n  =  — — . 

«*»  K*« 


(25) 


Referring  to  the  mobility  of  negative  ions  in  transformer 
oil,  it  is  known  that  it  equals  about  0.0001  sq  cm  per  sec 
V  [52]  near  room  temperature.  According  to  bibliographical  sour¬ 
ces,  the  mobilities  of  negative  and  positive  ions  do  not  differ 
very  much  (3)  for  some  other  insulating  liquids.  Therefore  the 
mobility  of  positive  and  negative  ions  of  transformer  oil  can 
be  assumed  to  be  the  same,  in  rough  calculations. 


As  was  reported,  the  mobility  kQ  and  viscosity  n  of  liquid 
dielectrics  are  interrelated  through  formula  (16).  For  the 
temperature  of  transformer  oil  changing  from  20  110  C,  the 

viscosity  of  the  oil  decreased  by  about  33  times.  Therefore, 
the  value  of  kQ  at  t  equal  to  110  C  will  be  200  times  greater, 
i.e.  0.0001*200  or  0.02  sq .  cm.  per  sec.  *  V,  with  n=4*10/cm"? 
This  amount  n  is  about  l.O'lO10  ions  throughout  the  whole  volume 
(400  cub  cm)  of  the  heated  layer.  Half  of  this  amount  will 
transfer  an  energy  of 


n_ 

2 


mv 1 

2 


1 

4 


1,5*10-" 
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(26) 
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during  its  motion  towards  coo’er,  lower  layers  of  transformer 
oil.  After  the  passage  of  these  ions  to  the  lower  layer  of  the 
vessel,  their  place  is  taken  up  by  molecules  with  smaller  kinetic 
energy  from  lower  layers.  Dissociating  into  ions  during  heating 
these  molecules  also  drop  downwards;  some  1.4-1015  ions  that 
transfer  the  energy  of  abon.t  1.3*10“&  calories  can  pass  to  the 
lower  layers  in  one  hour.  The  transferred  amount  of  energy 
remains  small  also  in  the  case  when  a  possible  increase  of  the 
mobility  of  ions  due  to  the  decay  of  heavy  particles  into  lighter 
ones  is  taken  into  account.  Only  a  portion  of  this  energy  can 
be  given  to  molecules  with  smaller  kinetic  energy.  An  approxi¬ 
mate  calculation  according  to  the  formula  by  Frenkel  (53)  has 
shown  that  the  ratio  of  che  oil  conductivity  for  E  equal  to 
about  10  KV  per  cm  to  the  conductivity  for  very  small  E  is 
about  2. 


It  is  well  known  that  the 
conductivity  is  usually  measured 
for  several  minutes  after  voltage 
has  been  disconnected.  The 
conductivity  decreases  as  a  conti¬ 
nuous  function  to  a  steady  value 
during  that  time.  It  will  be 
mentioned  in  §  6-1  that  the  origi¬ 
nal  conductivity,  e.g.  in  n-hexane 


Fig.  75.  Volt-ampere  cha¬ 
racteristic  of  pure  insu¬ 
lating  liquids. 


can  differ  from  the  steady  value  by  as  much  as  two  orders  of 


magnitude.  But  even  considering  this  fact,  the  energy  trans 
ferred  by  ions  with  normal  conductivity  would  not  have  been 


enough  to  heat  up  900  grams  of  transformer  oil  for  a  heat  con¬ 
tent  equal  to  about  0.5  cal  per  G  *  °C,  Accordingly,  such  an 
intensive  heat  transfer  had  not  occurred  by  means  of  normal- 


conductivity  ions. 
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It  can  be  assumed  that  dis¬ 
sociation  of  a  very  great  amount 
of  ionic  groups  of  liquid  mole¬ 
cules  was  taking  place  at  110  C 
in  such  a  way  that  the  dissocia¬ 
ted  groups  remained  connected 
through  the  Coulomb  interaction 
forces  and  they  behaved  like 
neutral  complexes  for  small  vol¬ 
tages.  The  final  breakdown  of 
these  bonds  occurred  for  voltages 
of  several  kV  per  cm. 

If  such  an  "incomplete" 
dissociation  existed  in  reality, 
the  heat  transfer  between  the 
layers  would  be  less  intensive 
for  smaller  voltages  applied. 
Tests  conducted  for  10;  5,  and 
2.5  KV  per  cm  have  confirmed  this 


Fig.  76.  Curves  of  heat  transfe 
between  layers  of  transformer 
oil  heated  up  to  different 
temperatures.  Curves  2,3,  and 
4  are  drawn  according  to  read¬ 
ings  on  thermometer  5  in  «'ig.72 
1  and  2  -  E  equal  to  10  KV  per 
cm;  3  -  E  equal  to  5  KV  per  cm; 
4  -  E  equal  to  2.5  KV  per  cm. 


finding  (Fig.  76). 


The  transformer  oil  was  heated  under  identical  conditions 
before  applying  the  voltage  (for  time  tj),  and  thus  the  process 
is  represented  only  by  one  curve  (1).  The  variation  of  the 
temperature  of  the  upper  liquid  layer  after  connecting  various  E 
is  also  described  by  on1.’'  one  curve,  recorded  for  E  equal  to  10  KV 
per  cm.  The  upper  sphe.  was  heated  without  interruption.  Carves 
2  to  4,  characterizing  :  temperature  variation  of  the  lower 
layers  of  liquid,  have  been  recorded  for  field  voltages  equal  to 
10;  5,  and  2.5  KV  per  cm,  respectively. 


Furthermore,  the  tests  have  revealed  that  no  significant 
heat  transfer  between  liquid  layers  is  observed  in  practice  for  E 


equal  to  10  KV  per  cm  of  alternating  voltage  (SO  Hz;  amplitude 
value).  It  has  also  been  found  that,  during  turbulent  heat  exchan¬ 
ge,  heating  of  transformer  oil  by  conductive  currents  does  not 
play  any  role  of  importance.  Basically,  this  kind  of  heat  transfer 
has  also  been  revealed  in  pentachlorodiphenyl . 

Can  the  failures  of  electrostatic  bonds  of  ionic  complexes 
occur  at  lower  temperatures,  e.g,  close  to  room  temperature? 

It  has  been  reported  above  that  even  well-degassed  transformer  oil 
is  observed  to  give  off  hydrogen  if  direct,  voltage  is  applied. 
According  to  bibliographical  sources  [67]  this  takes  place  for  E 
equal  to  about  40  KV  per  cm  near  room  temperature,  or  for  E  equal 
to  12  to  16  KV  per  cm,  after  [68] .  The  specified  discrepancy  is 
apparently  due  to  chemical  properties  of  crude  oils  from  which  the 
tested  oils  were  produced. 

The  emanation  of  hydrogen  can  be  assumed  to  occur  just  for 
breakdowns  of  weakly-bonded  ion  complexes.  But  the  same  seems  to 
be  possible  in  the  case  of  the  chemical  interaction  of  molecules 
of  saturated  and  unsaturated  hydrocarbons  according  to  the  scheme 
[154]: 

CifH2/i  + :  *  -*■  C«  !  *HJ  <(M  m)  +  Hr 

By  definition,  an  electric  field  somehow  stimulates  that  interac¬ 
tion. 


If  direct  voltage  i.-.  applied  for  a  long  time,  space  charges, 
bringing  about  a  redistribution  of  the  field  potential  within  the 
interelectrode  section,  can  form  as  a  result  of  the  motion  of  ions 
of  the  broken  complexes.  The  progressive  formation  of  breakdown 
can  begin  at  a  lower  E.  This  will  be  promoted  by  hydrogen  emana¬ 
tion  during  breakdowns,  too.  Gas  bubbles  in  insulating  liquids 
usually  reduce  the  breakdown  voltage.  One  can  assume  that  the 
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greater  the  distance  between  electrodes,  the  a  ore  significant  is 
the  influence  of  those  space  charges. 

Some  authors  believe  that  the  electrical  conductivity  of  well 
purified  and  non-polar  liquid  dielectrics  for  voltages  up  to  1  KV 
per  ca  is  affected  by  the  ionization  of  cosmic  rays  and  the  Earth's 
radiation  [155,  156].  In  the  case  of  greater  field  intensity, 
an  additional  component  is  involved  due  to  the  emission  electrons 
fron  the  cathode,  and  due  to  the.  impact  ionization  If 83. 

According  to  the  foregoing,  it  is  charged  particles,  formed 
as  a  result  of  breakdowns  due  to  the  field  of  weakly-bonded  ionic 
aggregates  that  are  also  added  to  the  above  sources  in  transformer 
oil  and  pentach lorodipheny 1 . 

Turbulent  heat  transfer  in  an  electric  field  between  regions 
of  transformer  oil  heated  to  different  terapprgtures ,  can  be  of 
practical  interest,  for  instance,  in  designing  high-voltage  oil- 
filled,  direct  voltage  equipment. 

5-2 .  Changes  in  the  structure  and  properties  of  liquids 
under  the  influence  of  irradiation 


The  influence  of  irradiation  should  be  taken  into  account 
in  the  operation  of  oil-filled  electrical  equipment  of  nuclear 
power  plants  and  mobile  power  stations  using  nuclear  energy.  The 
electrical  insulation  properties  of  liquids  can  change  many  things 
in  the  field  of  intensive  irradiation.  In  general,  irradiation 
does  not  necessarily  impair  these  properties.  In  many  cases, 
irradiation  can  bring  about  their  amelioration  due  to  changes 
in  the  chemical  composition  of  a  dielectric.  Also,  new  electrical 
insulation  materials  can  be  synthesized  using  irradiation. 
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The  influence  of  irradiation  should  be  taken  in>o  account  in 
the  operation  of  oil-filled  electrical  equipment  of  nuclear  power 
plants  and  mobile  power  stations  using  nuclear  energy.  The 
electrical  insulation  properties  of  liquids  can  change  many  things 
in  the  field  of  intensive  irradiation.  In  general,  irradiation 
does  not  necessarily  iapair  these  properties.  In  aany  cases, 
irradiation  can  bring  about  their  amelioration  due  to  changes  in 
the  chemical  composition  of  a  dielectric.  Also,  new  electrical 
insulation  materials  can  be  synthesized  using  irradiation. 

Intensive  and  prolonged  irradiation  is  apt  to  bring  about  a 
transition  from  the  liquid  state  to  gels  or  the  solid  state  and 
also  to  stimulate  progressive  oxidation  of  a  substance.  Simulta¬ 
neously,  its  viscosity  can  increase  and  its  electrophysical  pro¬ 
perties  can  get  worse. 

It  has  been  found  that  the  formation  of  transverse  bands  and 
splitting  of  molecular  chains  brings  about  the  breakdown  of  many 
polymers  [159,  160].  A  material  will  be  resistant  against  irra¬ 
diation  only  if  it  is  apt  to  absorb  the  radiation  energy  without 
extraordinary  ionization  and  if  double  bands  form  in  it  without 
breakdown  of  chains  during  this  absorption. 

Tests  and  practice  have  shown  that  fluoridated  materials  have 
a  weak  radiation  resistance.  A  liberated  fluorine  atom  breaks  the 
carbon-carbon  band.  Under  these  conditions  a  non-combustible  and 
explosion-resistant  electrical -insulating  liquid-hyperf luoroxyl es¬ 
ter,  which  does  not  break  down  even  at  300 °C  can  be  unstable. 

Among  polymers  with  phenyl  groups,  the  most  stable  are  those 
with  the  benzene  ring  located  at  the  side  instead  in  the  main 
chain.  Very  extensive  information  has  been  obtained  on  the  radia¬ 
tion  resistance  of  polymers  [161].  The  relationship  of  the 
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structure  of-  these  compounds  and  the  radiation  resistance  is 
illustrated  in  Fig.  77«  I-t— shows  the  recurrent  links  of  the  chain 
structure  distributed  ,in  accordance  with  decreasing  stability 
[160  and  162] .  Individual  regularities  in  changes  of  these  solid 
substances  can  apparently  be  extended  to  liquids',  too. 

Irradiation  by  ALPHA-  and  BETA- particles ,  due  to  their  lo^ 
penetration  ability,  is-  usually  absorbed  by  the  upper  layers  of  a 
substance.  The  change  of  structure  and  decreased , conductance  were 
observed  [163],  in  synthetic  ceresine  under  BETA-irradiation  from 
a  source  of  radioactive  phosphorus  P32..  Ultraviolet  radiation 
originates  in  the  ionization  of  liquids  and  increases  their  condu¬ 
ctance.  Tests  of  this  kind  were  conducted*  with  solutions  in  ethyl 
esters  of  chlorobe,nz.ene,  bromobenzene ,  and  iodo-oxybe'nzene.  The 
conductance  decreases  sharply  [164]  after  irradiation  has  stopped 
In  contrast  to  ALPHA  and  BETA  rays  (corpuscles),  GAMMA- Photons  have 
a  very  high  penetrability  and  interest  with  orbital  electrons  of  the 
substance  immediately  within  the  whole  bulk. 

During  collisions  with  those  electrons,  GAMMA  photons  push 
them  out  of  primary  Orbits.  A  displaced  electron  can  receive  an 
energy  of  several  mega-electronvolt  (MEV) .  The  ionization  poten¬ 
tial  and  excitation  potential  of  molecules  of  insulating  liquids 
usually  do  not  exceed  15  kV.  Therefore  such  an  electron  is  able 
to  ionize  and  excite  several  thousano  molecules  or  more.  The 
same  can  be  done  by  an  electron  of  BETA  radiation  with  the  speci¬ 
fied  energy.  Thus,  ionized  and  excited  molecules  are  originated 
in  organic  matter  in  the  field  of  intensive  radiation,  some  che¬ 
mical  transformation  being  apt  to  occur  within  this  medium. 
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Fig.  77.  Chemical  formulas  of  substances  arranged  according  to 
decreasing  irradiation  resistance,  from  1  to  12.  1  -  polystyrene 

link;  2  -  polyanilineformaldehyde  link;  3  -  a  link  characteristic 
of  the  structure  of  most,  elastomers;  4  -  polyethylene  link;  5  - 
nylon  link;  6  -  silicon-organic  rubber  link;  7  -  phenol-formalde¬ 
hyde  resin  link;  8  -  thiocol  link;  9  -  polyvinyl  chloride  link; 

10  -  cellulose  link;  11  -  a  link  in  the  structure  of  polytetraf luo- 
roethylene  and  polytrif luorochloroethylene;  12  -  the  link  of 
polymethylmetacrylate,  butyl  rubber,  and  polyalphamethylstyrene. 


Ionization  of  molecule  M  under  collision  of  a  GAMMA-photon 
with  an  orbital  electron  e  follows  the  equation 

M  + 1  -*•  Af+  -J*  e. 


An  ionized  molecule  under  recombination  with  electron  e 
can  form  an  excited  molecule 

M*  +  e-+M\ 


Excited  and  ionized  molecules  can  disintegrate  spontaneously 
with  the  liberation  of  hydrogen  and  the  formation  of  radicals 
R  or  other  molecules  having  a  lower  molecular  weight 

M¥+c-*R  +  H. 
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Moreover,  molecules  with  linear  chains  are  able  to  rearrange 
themselves  and  form  branched  chains.  Free  atoms  and  radicals,  in 
turn,  can  promote  the  formation  of  new  compounds  -  mostly  unsa¬ 
turated  . 

Aside  from  hydrogen,  complexes  of  carbon  dioxide  or  other 
small  groups  can  split  away  from  a  long  and  complex  molecule  while 
absorbing  the  energy  of  GAMMA-quanta . 

It  has  been  shown  that,  for  example.,  during  the  irradiation 
of  transformer  oil  with  a  dose  of  1,000,000,000  Roentgens  libe¬ 
ration  of  gas  occurs,  the  volume  of  which  is  10  to  15  times  that 
of  the  oil  itself.  Such  a  reaction  in  a  closed  vessel  can  bring 
about  a  considerable  pressure  inciease. 

Molecules  being  split  can  shorten  up  to  one-half  or  one- 
third  of  their  initial  length.  The  viscosity  of  a  substance  dimi¬ 
nishes.  If  transverse  bonds  of  the  links  of  molecular  chains 
form  during  the  absorption  of  the  energy  of  GAMMA-quanta,  the  pro¬ 
cess  of  polymerization  is  likely  to  happen,  and  a  liquid  substance 
can  be  converted  into  a  solid.  The  higher  the  specific  weight 
of  a  liquid,  the  more  intensive  is  the  interaction  of  GAMMA-photons 
and  electrons  of  molecules. 

The  influence  of  irradiation  on  the  electric  properties  of 
certain  liquid  dielectrics  was  studied  by  means  of  a  cobalt  radio¬ 
active  source  (Co60)  with  an  intensit)  of  2300  Curies.  A  pre¬ 
paration  in  several  air-tight  cylinders  of  stainless  steel  was 
immersed  in  water  layer  3.6  m  deep. 


The  tested  liquids  were  poured  into  sealed  glass  vials  and 
were  immersed  in  the  field  of  (Co60)  radiation.  Some  physico¬ 
chemical  properties  of  the  tested  liquids  are  presented  in  Table 
31.  As  is  known,  transformer  oil  consists  mainly  of  a  mixture 
of  isomeric  hydrocarbons  of  the  paraffin  series  CHj  (CI^^qCHj 
and  naphtenes. 

Table  31 


Some  physico-chemical  properties  of  the  tested  liquids 


Liquids 

Average 

molecular 

weight 

Pour 

Point 

°C 

Flash 

point 

°C 

Acidity 

milligrams 

KOH 

Transformer  oil 

330 

-40 

135 

<0,01 

Castor  oil 

975 

-13 

515 

0,12 

Tri chlorobenzene 

181 

17 

195 

0,01 

Pentachlorodipheny 1 

326 

10 

- 

<0,01 

Silicone  liquid 

300 

-84 

315 

<0,01 

The  structural  formula  of  naphtene  hydrocarbons  is  presented 
in  Fig.  78,1.  The  oils  also  include  traces  of  unsaturated  com¬ 
pounds  and  oxidation  products  of  hydrocarbons  -  quinones  (see 
Fig.  78,2).  The  chemical  composition  of  oils  depends  on  the  oil 
field  and  the  degree  uf  distillation. 

Caster  oils  are  produced  by  pressing  seeds  of  the  castor 
oil  plant.  Basically,  it  consists  of  the  glycerin  of  ration 
acid  (see  Fig.  78,3).  The  oil  comprises  three  hydroxylic  groups 
able  to  form  hydrogen  bonds. 

Trichlorobenzene  (Fib.  78,4)  has  three  isomers.  1,2,4-tri- 
chlorobenzene  was  subject  to  irradiation.  It  was  mixed  with 
pentachlorodipheny 1  (chlorinated  biphenyl,  sovol)  to  avoid  its 
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Fig.  78.  Structural  formulas  of  liquid  dielectrics 
1  -  naphtene  hydrocarbons;  2  -  quinones;  3  ->  castor  oil;  4  - 
trichlorobenzene;  5  -  pentach lorodiphenyl ;  b  -  silicone  liquid. 


solidifying  at  17°C  [165,166].  This  insulating  liquid  was  obtai¬ 
ned  as  a  result  of  the  interaction  of  chlorine  and  diphenyl  (see 
Fig.  78,5).  Dielectric  losses  of  sovol  are  reported  in  [167]. 
Abroad,  materials  of  that  kind  are  called  piranol,  inertin, 
clophene,  permitol,  and  arochlor.  The  latter  is  almost  an 
electric-insulating  liquid  IN-420  with  E-BR  equal  to  0.2  MV  per 
cm  [168].  0.25  to  0.5  percent  of  antraquinone  is  added  to 

stabilize  such  liquids  in  some  cases  [169  and  170]. 

As  was  reported,  silicone  liquid  (silicone  oil)  is  produced 
by  hydrolysis  and  next  condensation  of  dimethylchlorsi lane  or  its 
analogs  (see  Fig.  78,6). 

The  liquids  were  irradiated  for  the  time  ranging  from  5  hours 
to  1  month.  This  has  corresponded  to  the  dose  of  2.5  to  84.1 
Mega  Roentgen  (equivalent  physical).  One  physical  equivalent 
Roentgen  (F.E.R.)  is  the  dose  of  any  irradiation,  for  which  the 
energy  absorbed  by  1  G  of  a  matter  is  equal  to  the  energy  lost 
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for  ionization  occurring  in  1  G  of  air  due  to  1  Roentgen  coming 
from  a  source  of  X-rays  or  Gamma-rays.  The  dose  of  1  F.E.R.  cor¬ 
responds  to  the  formation  of  about  2.8  x  1.0^  ion  pairs  per 
0 . 00 1 293  grams  of  air. 

The  most  significant  structural  changes  have  been  observed 
in  silicone  liquid.  For  the  dose  of  30  M  F.E.R.  this  liquid 
transformed  into  a  rubber-iive  pe-1  substance,  then  into  a  brittle, 
transparent  one,  and  finally  -into  a  nowrler.  Such  transformations 
have  confirmed  the  process  of  polymerization,  the  formation  of 
cross-structures  (gel-formation)  and  the  breakdown  of  chains  (the 
formation  of  powder),  The  greatest  impairment  of  electric  proper¬ 
ties  has  been  observed  for  transformer  oil. 

Trich lorohenzene  and  pentachlorodipheny 1  change  color  under 
the  influence  of  irradiation.  They  become  turbid  due  to  the 
great  amount  of  gases  emanated  inside. 

Data  on  changes  of  e  and  tgfi  of  liquids  after  irradiation 
is  presented  in  Table  32.  The  measurements  were  conducted  at 
1  KH ^  frequency.  The  table  shows  that  the  dielectric  penetra¬ 
bility  of  transformer  oil  increased  by  a  factor  of  about  4,  and 
that  losses  increased  very  much  too.  After  irradiation  the  oil 
transforms  into  a  polar  liquid.  Increase  of  tg6  is  apparently 
due  to  greater  conductance,  since  it  is  observed  along  with  a 
considerable  decrease  in  volumetric  resistivity.  The  pH  of 
the  oil  increases.  Castor  oil  has  proved  to  be  most  resistant. 

Its  changes  of  e  and  tg<$  are  insignificant.  The  authors  infer 
that  this  is  a  consequence  of  the  unsaturated  nature  of  the  ra¬ 
dical  acid. 

On  converting  the  pH  numbers  for  1  cubic  cm  of  a  tested 
liquid  and  on  absorbing  100  EV  energy  it  has  been  shown  that  the 
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Values  of  e  and  tgo  of  liquids  before1  and  after  GAMMA-ray 

radiation 


Radiation 

Values 

of.  e. 

Radia- 

Values 

of  tgfi% 

Liquids 

dose 

M  FER 

before 

radia¬ 

tion 

after 

radia¬ 

tion 

ti'oh 

dose 

M  FER 

before 

radia¬ 

tion 

after 

radia¬ 

tion 

Transformer  oil 

43 

2,23 

8,59 

43 

0,30 

75,00 

Castor  oil 

43 

4,46 

4,59 

43 

0,50 

0,80 

Trich lorobenzene 
Pentachlorodiphe- 

4 

4 ,  i  i 

4,15 

47 

11,4 

44.21 

nyl 

7 

5,04 

5,10 

7 

0,S 

2,71 

Silicone  liquid 

24 

2,73 

2,77 

24 

0,3 

1,21 

calculated  acid  equivalent  is  greatest  for  pentachiorodiphenyl, 
and  smallest  for  silicone  liquid.  Hydrochloric  acid  is  given 
off  during  the  decomposition  of  pentachiorodiphenyl,  while  hydro¬ 
gen  is  liberated  from  silicone  acid. 

It  was  mentioned  above  that  ionized  and  excited  molecules, 
along  with  free  atoms  and  radicals,  can  form  during  absorption 
of  GAMMA  radiation  in  liquids.  It  has  been  shown  that  the  rate 
of  destructive  processes  in  liquid  can  be  inhibited  by  introdu¬ 
cing  substances  able  to  react  with  product  of  decomposition  and 
to  form  unreactive  stable  complexes.  Such  properties  are,  for 
example,  characteristic  of  derivatives  of  quinone  and  diphenyl- 
picrylhydrosil . 

Isooctane  ^C8^1S^  an<*  hydrogen,  for  instance,  have 

shown  their  conductance  to  increase  more  slowly  with  increasing 
field  strength  after  irradiation,  as  compared  to  before  irradia¬ 
tion  [127].  The  authors  of  the  cited  work  argue  that  a  compact 
column  of  ions  forms  in  the  direction  of  GAMMA-rays  in  liquids, 
with  intense  recombination  taking  place  inside.  A  considerable 
field  strength  is  requited  to  split  out  charges  in  the  column. 
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If  charged  particles  rebound  quickly,  it  is  not  suprising  that, 
in  many  cases,  GAMMA-radiation  does  not  play  any  important  role 
with  respect  to  E  of  liquids.  This  has  been  proved,  for  ins¬ 

tance,  in  tests  with  n-hexane  irradiation  with  radioactive 
cobalt  [86  and  90] . 

The  same  result  was  obtained  on  exposing  the  above  mentioned 
liquid  to  the  action  of  a  radium  source.  The  tests  in  this  case 
were  conducted  with  rectangular  pulses  of  3  microseconds  [91]. 

The  action  of  this  radiation  brought  about  only  a  certain  decrease 
in  the  delay  time  of  the  formation  of  breakdown,  in  the  case  of 
direct  voltage,  a  certain  decrease  of  has  been  revealed  in 

transformer  oil  during  its  irradiation  by  radioactive  cobalt  [127]. 
The  spark  gap  was  equal  to  0.5  millimeter.  Any  decrease  of  E  r,r 
was  not  observed  for  short  pulses. 

According  to  the  data  of  [171],  significant  pulsations  of 
current  arise  in  liquid  argon  under  the  action  of  GAMMA-irradiation 
and  field  strength  E,  equal  to  10  KV  per  cm.  It  was  assumed  that 
they  are  caused  by  electron  avalanches.  The  intensity  of  pulsa¬ 
tion  decreased  after  oxygen  and  nitrogen  had  been  introduced  to 
liquid  argon.  However,  they  are  always  present  in  n-hexane. 

Oxygen  and  nitrogen  molecules  apparently  capture  free  electrons 
created  during  irradiation. 

The  pulsations  are  not  observed  in  liquid  nitrogen  or  n-pen- 
tane  in  irradiation  by  ALPHA-corpuscles  from  a  polonium  source 
[172,173].  According  to  the  opinion  of  the  authors  of  the  works 
cit^d  above,  the  free-path  length  of  electrons  in  n-hexane  and 
n-pentane  is  very  small  and  they  are  quickly  captured  by  molecules 
of  the  liquids  indicated. 

Processes  of  self-oxication  are  stimulated  in  hydrocarbon 
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compounds  under  the  action  of  GAMMA  radiation.  In  this  regard, 
irradiation  acts  as  a  catalyst.  During  the  systematic  investi¬ 
gation  of  the  action  of  GAMMA-quanta  on  the  process  of  self-oxi¬ 
dation  of  organic  compounds,  including  hydrocarbons,  it  was  re¬ 
vealed  that  all  oxidation  products,  i.e.  aldehydes,  alcohols, 
acids  etc.  are  originated  during  decomposition  of  basic  molecules 
[174].  It  is  'thus  quite  obvious  that  £  .  will  decrease,  for 

instance,  with  an  increase  in  the  pH  of  the  transformer  oil.  A 
certain  decrease  of  'E^  .  in  a  given  liquid  is  likely  to  occur  as 
a  result  of  this  phenomenon  in  the  case  of  direct  voltage.  It 
is  impossible  to  detect  the  decrease  of  E  in  the  case  of  short 


It  seems  correct-  to  assume  that  the  rate  of  aging  under  the 
action  of  GAMMA-irradiation  is  affected  by  the  chemical  composi¬ 
tion  of  hydrogen  compounds  and  their  structure.  The  process  of 
aging  will  be  more  intense  in  certain  liquids  than  in  others, 
but  in  most  cases  one  should  expect  an  impairment  of  electrical 
properties  due  to  increased  acidity,  even  if  only  after  a  long 
time. 


By  the  example  of  paraffin  oxidation  it  has  been  proved 
that  the  induction  period,  i.e.  the  time  without  any  perceptible 
self-oxidation,  is  reduced  from  370  to  12  hours  [175]  under  the 
action  of  irradiation  from  a  source  of  4.3  curies  located  30  cm 
away.  This  is  also  confirmed  by  tests  with  n-hexadecane  [176]. 

5 - 3 .  Aging  processes  in  liquids 

Irreversible  changes  of  mineral  oils  occur  in  use,  prima¬ 
rily  due  to  oxidation.  Acids,  resinous  substances,  and  deposits 
are  formed  along  with  volatile  and  unvolatile  oxygen  compounds 
during  the  interaction  of  oxygen  and  hydrocarbon  molecules  of 
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oils  [177].  Acids  destroy  the  cotton  insulation  of  transformer 
windings  and  certain  insulating  parts.  Increased  acidity  impairs 
the  dielectric  properties  of  oils  themselves.  The  breakdown 
strength  does  not  diminish.  .As  a  result  of  deposits  on  the  insu¬ 
lation  of  windings,  the  heat  transfer  from  wires  to  oil  decreases 
due  to  smaller  thermal  conductivity.  A  normal  thermal  regime 
can  be  broken  down,  and  a  facility  can  be  set  out  of  order. 

The  amount  of  oxygen  soluble  in  a  mineral  oil  depends  on 
temperature,  outside  pressure,  as  well  as  the  fractional  and 
chemical  composition  of  the  oil.  The  degree  of  oil  refinement 
is  of  great  importance,  too.  It  is  known  [178]  that  naphtene- 
oav,af,f'in  oils  absorb  oxygen  most  readily.  Aromatic  hydrocarbons 
absorb  it  to  a  lesser  extent,  and  oil  distillates  even  less. 

Tests  have  shown  that  the  process  of  oxidation  begins  at 
the  surface  gradually  penetrating  the  body  of  oil.  The  reaction 
of  oxidation  is  stimulated  by  solar  light  and,  as  was  mentioned 
in  the  previous  section,  by  GAMMA-radiation .  The  absorption 
of  oxygen  by  oil  under  light  is  quite  intensive  even  at  normal 
temperatures.  The  violet  and  ultraviolet  spectrum  ranges  are 
active  with  regard  to  transformer  oil. 

Oxidp*  .on  occurs  more  intensively  if  the  oil  is  clean  [179], 
It  is  well-known  that  oxidation  of  hydrocarbons  by  molecular 
oxygen  is  accelerated  very  much  in  the  presence  of  certain  metals 
and  their  organic  salts.  For  instance,  almost  complete  oxidation 
of  paraffin  can  be  achieved  at  ISO  C  in  5  hours  in  the  presence 
of  manganese  oxides.  Vanadium,  too,  strongly  accelerates  oxida¬ 
tion  [180].  Such  compounds  are  called  positive  catalysts. 

According  to  certain  data,  the  formation  of  deposits  accele¬ 
rated  in  an  electric  field.  Acids  formed  in  oil  are  assumed  to 
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transform  into  deposits  under  the  action  of  the  field  {181].  In 
other  opinions,  an  electric  field  promotes  coagulation  of  deposits 
in  a  fine  dispersion  [182] .  However,  there  is  no  general  agree¬ 
ment  as  to  this  point.  For  example,  the  influence  of  an  electric 
field  on  the  formation  of  deposits  is  negated  in  the  work  [183]. 
The  deposition  and  the  increase  of  pH-number  in  oil  during  the  ex¬ 
ploitation  of  transformers  depends  on  the  sort  of  crude  oil  (see 
Table  33),  and  the  degree  and  character  of  purification  of  oil 
itself. 


Table  33 

Oxidation  of  transformer  oils  obtained  from  various  crude  oils 


Oil  field 

Duration  of 
oil  use 
months 

Acidity 
in  milli¬ 
grams  of 
KOH 

Asphaltene 
and  acid 
content  % 

Embinskoye  (dossor-makatskoye) 

4 

0,306 

. 

10 

0,889 

net 

Bibi -eybatskoye  (light  oil) 

4 

0,397 

0,108 

10 

1,700 

0,480 

Bakha lanskov e  (heavy  oil) 

4 

0,560 

- 

10 

1,860 

0,101 

Aromatic  hydrocarbons,  e.g.  benzene,  without  side  chains  in 
the  molecular  structure  oxidize  little  in  air.  Some  chemical 
transformations  can  be  observed  in  benzene  or  its  closest  homologs 
only  in  the  presence  of  catalysts  or  ozone,  at  higher  tempera¬ 
tures,  or  under  higher  pressures.  Aromatic  hydrocarbons  are  more 
susceptible  to  oxidation  The  more  rinses  the  more  coron'lex  the; 
structure  [184];  the  same  is  observed  for  increasing  lateral  chains 
and  their  lengths. 

It  is  well  known  that,  along  with  substances  promoting  oxida- 
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tion,  there  exist  compounds  inhibiting  the  reaction  of  self-oxi¬ 
dation.  These  compounds  are  called  anti-oxidants  or  inhibitors. 
The  inhibitors  are  widely  used  in  practical  applications. 

The  following  requirements  should  be  satisfied  by  inhibitors: 

1.  their  fair  solubility  in  oils  without  entering  into  reac¬ 
tion  with  them  and  and  no  orecipitation  at  lower  temperatures; 

2.  no  impairment  of  the  dielectric  properties  of  transformer 
oils  or  the  demulsification  capacity  of  turbine  oils; 

3.  no  solubility  in  water  (or  Yery  little)  and  no  decomposi¬ 
tion  under  the  influence  of  water  or  metals; 

4.  no  promotion  of  the  corrosion  of  metals,  especially  iron 
and  copper; 

5.  no  chemical  changes  under  long  dissolution  in  oil; 

6.  no  evaporation  at  operation  temperatures  in  oil-filled 
equipment  and  no  hygroscopic  properties. 

In  the  work  [185)  it  was  found  that  the  oxidation  of  readily 
oxidizing  substances  can  be  inhibited  with  the  following  chemical 
compounds:  hydroquinone ,  pyrogallol,  naphthene,  tannin,  organic 
bases,  iodine  alkyls,  carbon  tetrachloride,  sulfur,  sufuric  com¬ 
pounds,  phosphorus,  inorganic  and  organic  sulfides,  amines,  car- 
bonamides,  uretanes,  various  dyeing  agents,  inorganic  halogens, 
inorganic  compounds  of  phosphorus,  arsenic,  antimony,  bismuth, 
sodium  banete,  silicon,  lead,  tin,  and  a  number  of  others. 

The  mechanism  of  the  action  of  inhibitors  (negative  catalysts) 
is  explained  in  terms  of  chain  reactions  [184  and  186],  in  which 
the  energy  of  a  reaction  does  not  transfer  into  heat  energy,  but 
rather  passes  completely  to  adjacent  molecules  and  activates  them 
before  the  next  reaction.  Receiving  this  energy,  inhibitors  do 
not  supply  it  to  other  molecules  but  dissipate  it  and  break  chains; 
the  reaction  is  broken  down. 
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According  to  the  data  of  (187],  sulfur  is  a  good  antioxidant 
of  transformer  oil.  Adding  it  at  0.15  percent  at  130  to  140  C 
diminishes  the  formation  of  deposits  by  a  factor  of  about  6  in 
the  course  of  130  to  168  hours.  Compounds  like  pheny lhydrazine , 
cymene,  turpentine,  iodoform,  pseudocumene,  menthol,  furfural, 
etc.  decrease  the  formation  of  sediments  by  half  or  more.  On 
the  other  hand,  phenyltheomethane  increases  this  formation  by  the 
factor  of  6.6,  and  n-phenylenediaminc-  increases  it  by  a  factor 
of  12.4.  After  [188],  high  antioxidizing  properties  are  charac¬ 
teristic  of  hvdroquinone ,  pyrogallai,  oxyhydroquinone ,  tin  naph- 
thenate,  and  monosulfides  containing  at  least  one  oliphatic 
group  at  sulphur  atom  (cety lpheny lsulphide)  [189].  Among  acids, 
maleic  and  citraconic  ones  have  these  properties. 

The  time  required  to  develop  the  reaction,  when  perceptible 
oxidation  does  not  occur,  is  called  the  induction  period,  as  was 
mentioned  in  the  preceding  section.  In  the  work  [190]  they 
showed  that  only  the  induction  period  is  extended  in  mineral  oil 
when  antioxidants  have  been  introduced  (Fig.  79).  The  ordinate 
axis  in  Fig.  79  shows  the  acid  content  in  oil  (percent),  while 
the  abscissa  axis  denotes  the  oxidation  time  in  hours.  The  paral 
lei  layout  of  the  curves  confirms  that  once  initiated,  the  reac¬ 
tion  of  self-oxidation  always  develops  with  the  same  rate,  inde¬ 
pendently  of  whether  pure  oil  is  under  oxidation  or  an  inhibitor 
has  been  added. 


Some  additives  increase  the  induction  period  by  several 
times  [191]: 


Oxidized  mixtures 


Induction  period  of 
oxidation  hours 


According  to  the  data  of  (187),  sulfur  is  a  good  antioxidant 
transformer  oil.  Adding  it  at  0.15  percent  at  130  to  140  C 
diminishes  the  formation  of  deposits  by  a  factor  of  about  6  in 
the  course  of  130  to  168  hours.  Compounds  like  pheny lhydrazine, • 
e>n>*.»ne,  turpentine,  icdofora,  pseudocumene,  menthol,  furfural, 
etc.  decrease  the  formation  of  sediments  by  half  or  more.  On 
the  other  hand,  pheny 1 theomethane  increases  this  formation  by  the 
factor  of  6.6,  and  n-pheny lenediamine  increases  it  by  a  factor 
of  12.4.  After  [188],  high  antioxidizing  properties  are  charac¬ 
teristic  of  hydroquinone ,  pyrogallal,  oxyhydroquinone ,  tin  naph- 
thenate,  and  monosulfides  containing  at  least  one  oliphatic 
group  at  sulphur  atom  (cetylpheny Isulphide)  [189].  Among  acids 
maleic  and  citraconic  ones  have  these  properties. 

The  time  required  to  develop  the  reaction,  when  perceptible 
oxidation  does  not  occur,  is  called  the  induction  period,  as  was 
mentioned  in  the  preceding  section.  In  the  work  [190]  they 
showed  that  only  the  induction  period  is  extended  in  mineral  oil 
when  antioxidants  have  been  introduced  (Fig.  79).  The  ordinate 
axis  in  Fig.  79  shows  the  acid  content  in  oil  (percent),  while 
the  abscissa  axis  denotes  the  oxidation  time  in  hours.  The  paral 
lei  layout  of  the  curves  confirms  that  once  initiated,  the  reac¬ 
tion  of  se 1 f -oxidat i on  always  develops  with  the  same  rate,  inde¬ 
pendently  of  whether  pure  oil  is  under  oxidation  or  an  inhibitor 
has  been  added. 

Some  additives  increase  the  induction  period  by  several 
times  [191]: 


Oxidi zed  mixtures 


Induction  period  of 
oxidation  hours 


Original  oil  72 
Same  oil  plus  2 . 4 -d  ime thy  1  -  6- f luoro -buty 1 pheny 1  150 
Same  oil  plus  2 . 6-di - 1 ert -buty 3  -  4 -me  thy lpheno 1  575 


However,  not  only  a 
lengthening  of  the  induc¬ 
tion  period,  but  also  a  consi¬ 
derable  decrease  of  the  inten¬ 
sity  of  subsequent  self-oxida¬ 
tion  has. been  revealed  [177] 
for  some  other  liquids  with 
pyrogallal  introduced. 

It  was  noticed  that  tho¬ 
roughly-cleaned  oils,  homo¬ 
geneous  in  their  composition, 
arc  easier  to  prevent  from  oxi¬ 
dation,  as  compared  against 
poorly  cleaned  ones  [177  and 
192].  Some  stabilization  due 
to  the  addition  of  0.01  to  0.1- 
percent  para-oxydiphenylamine 
takes  place  only  in  transformer 
oils  supplementarily  cleaned  wit 
sulfanilylamide  compounds  reduce 
ducts  in  oils  by  a  factor  of  7  a 
times  . 


Fig.  79  .  Oxidability  of  oils 
as  a  function  of  time;  inhibitors 
at  130  C.  1  ••  pure  oil;  2  -  the 
same  plus  0.01-percent  BETA-naph- 
thylamine;  3  -  the  same  plus 
0.01-percent  naphthy lamine ;  4  - 
the  same  plus  0.01-percent  n-ami- 
nophenol;  S  -  the  same  plus  0.01- 
percent  diphenylamine;  6  -  the 
same  plus  0.05-percent  diphenyl¬ 
amine;  7  -  the  same  plus  0.01- 
percent  phenyl- BETA- naphthy lamine 
8  -  the  same  plus  0.01-percent 
diphenyl hydrazine . 


sulphyric  acid.  Effective 
the  accumulation  of  oxide  pro- 
d  precipitates  by  four  to  six 


It  should  be  mentioned  that  adding  some  antioxidants  (n-oxy- 
di pheny lamine ,  phenyl-BETA-naphthylamine ,  etc.)  must  be  conducted 
up  to  the  beginning  of  the  active  process  of  self-oxidation. 
However,  other  antioxidants  (ALPHA-naphto  1 ,  ALPHA-naphjty  lamine , 
etc.)  are  effective  only  if  introduced  after  the  beginning  of  the 
process.  A  third  group  of  additives  inhibits  the  process  of 
oxidation  when  added  before  the  beginning  of  self-oxidation,  but 
stops  this  reaction  only  if  the  process  of  oxidation  has  not  de¬ 
veloped  too  far  (this  group  includes  BETA-naphty 1 ,  2.6-di-tert- 
bu ty 1 -4 -methy lpheno  1 ) .  The  action  of  these  oxidants  does  not 
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depend  on  their  concentration  in  oil  [193]. 


Tests  [192  and  194]  have  shown  that  introducing  certain 
ant i -oxidants  into  transformer  oil  not  only  does  not  impair  its 
dielectric  properties  but  even  improves  them  (see  Tables  34  and 
35).  Breakdown  voltage  in  Table  34  is  shown  for  the  standard 
gap  equal  to  2.5  mm. 
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Fig.  80.  The  acidity  of  turbine  oil  as  a  function  of 
time.  1  -  oil  without  antioxidant;  2  -  oil  with  anti 
oxidant. 


Fig.  80  shows  curves  that  illustrate  the  stabilizing  action 
of  turbine  oil  in  turbine  generators  [195].  Acidity  in  milligrams 
of  KOI!  per  1  gram  of  oil  is  represented  on  the  axis  of  ordinates, 
and  the  abscissa  axis  denotes  operation  time  in  years.  Acidity 
of  the  oil  without  antioxidants  increased  to  0.8  milligrams  of 
KOH  during  6  years  of  operation,  and  the  oil  was  replaced.  The 
stabilized  oil,  however,  has  been  under  operation  for  14  years 
and  its  acidity  has  not  exceeded  0.1  milligram  of  KOH. 

The  stabilization  effect  of  transformer  oil  in  high-voltage 
terminals  of  oil  switches  is  illustrated  by  curves  in  Fig.  81. 
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Table  34 


Breakdown  voltage  of  transformer  oil  with  various  antioxidants 


Transformer  oil 


"Triple  mixture"  without  additives . 

The  same  plus  phenyl-BETA-naphtylamine . . . 
"  "  "  p-oxydipheny  1-amine . 

If  U  I!  tf 

Nebitdagskoye  transformer  oil  without 

additives . 

The  above  plus  p-oxydipheny lamine . 


Amount  of 
additives 


0.01 

0.01 

0.10 


0.01 


Breakdown 
voltage, KV 

35.6 

44.8 

46.4 

47.4 

42.8 
42.8 


[after  192] .  The  ordinate  axis  represents  acidity  in  milligrams 
of  KOH  for  1  gram  of  oil.  With  antioxidant  VTI-1  added,  the  oil 
has  worked  <cr  10  years  without  significant  increase  of  acidity. 
The  oil  without  additives  increased  his  acidity  sharply  under 
the  same  conditions. 


Table  35 

Dielectric  losses  of  transformer  oils  for  E  equal  to  10  KV  per  cm 


Transformer  oil 

Temperature 
of  oil,  °C 

tg6, 

% 

.  without 
antioxidant 

with 

antioxidant 

Fresh  I 

40 

0.1 

0.2 

60 

0.5 

0.5 

80 

1  .8 

1.5 

Fresh  II 

20 

1.7 

0.9 

40 

2.6 

1.7 

• 

60 

3.8 

2.2 

There  are  hints  [196]  as  to  the  expediency  of  introducing 
additives  into  an  adsorbent  (silica-gel,  active  aluminum  oxide), 
which  would  pass  oil  during  operation.  This  procedure  has  been 
shown  to  stabilize  oil  better  than  additives  introduced  directly 
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into  oil.  By  applying  an  adsorbent  and  antioxidizing  additive 
they  managed  to  increase  the  operation  period  of  transformer 
oil  by  a  factor  exceeding  15. 
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Fig.  81.  Changes  in  acidity  of  transformer  oil  in  oil- 

filled  terminals  of  110  KV  switches 

1  -  oil  without  additives,  2  -  oil  with  antioxident  VTI-1 

However,  cases  are  known  when  adding  antioxidants  did  not 
cause  such  a  significant  effect.  According  to  the  data  of  [197], 

the  following  is  required  to  bring  about  the  effect  of  stabiliza¬ 
tion: 

1.  oil  to  stabilize  should  be  completely  free  of  impurities 
(mechanical  additions,  slurry,  etc.); 

2.  oil-storing  reservoirs  should  be  extremely  clean  and 
air-tight ; 

3.  pumping  equipment  and  oil  ducts  should  also  be  clean. 

Aging  of  mineral  oils  takes  place  during  ionization  processes, 
as  well.  A  solid  high-molecular  compound  (wax)  of  light-yellow 
or  dark-brown  color  is  formed  during  that  time.  The  compound  is 
non-combustible  and  unvulnerable  to  common  organic  solvents. 
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The  formation  of  wax  during  ionization  is  usually  accompanied 
by  the  liberation  of  hydrogen  and  volatile  hydrocarbons  having 
low  molecular  weight.  This  process  is  also  possible  without  ema¬ 
nation  of  gases  during  the  polymerization  of  unsaturated  hydro¬ 
carbons  . 

m 

The  waX 'is  produced  in  relatively  large  amounts  during  the. 

*  ‘ 

generation  .of  paper-oil  power  cables.  This  can  be  easily  exposed 
after  dissolving  impregnating  agents  and  dyeing  paper  bands  with 
for  example,  red  dye.  The  wax  remains  undyed.  Its  occurrence 
is  usually  deemed  to  be  the  initial  stage  of  the  aging  of  cable 
insulation. 

Some  data  has  been  furnished  above  as  to  the  possible  in¬ 
fluence  of  an  electric  field  on  the  formation  of  deposits  in 
transformer  oil.  On  the  basis  of  the  foregoing,  one  can  assume 
that  wax  is  the  form  of  fine-particle  sediment  is  also  formed 
in  ionization  processes  in  gas  bubbles  in  transformer  oil. 

Large  amounts  of  soot  are  created  during  dielectric  discharges 
in  non-flammable  and  explosior-proof  pentachlorodiphenyl  (sbvol)  and 
sovtols.  Therefore,  field  strengths  for  these  insulating  liquids 
should  not  exceed  corona  voltages.  Only  emanation  of  gases  is 
observed  in  transformer  oil  under  analogous  conditions. 

Sovtol-2  is  a  Russian  name  of  the  mixture  containing  64  per¬ 
cent  of  chlorinated  biphenyl  and  36  percent  of  trichlorobenzene. 
Sovol  and  sovtol  in  dielectric  arcing  emanate  a  large  amount  of 
hydrogen  chloride  (about  98  percent),  some  gaseous  (unsaturated) 
hydrocarbons  (about  0.16  percent)  and  very  little  carbon  monoxide 
(traces).  Neither  carbon  dioxide,  chlorine,  or  phosgene  (C0C12) 
occur  under  the  specified  conditions  [166]. 
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The  process  of  aging  is  particularly  pronounced  in  paper 
capacitors  impregnated  with  pentachlorodipheny 1  in  direct  vol¬ 
tage.  Increasing  current  leakage  is  observed  after  a  certain 
time  of  operation.  Corrosion  occurs  on  aluminum  foil,  and  espe¬ 
cially  mi  the  positive  lining,  and  the  paper  of  sections  becomes 
covered  with  brown  patches. 

Cotrosion  of  that  kind  is  considered  to  be  due  to  the 
action  of  hydrochloric  acid,  traces  of  which  are  always  present 
in  pentachlorodiphenyl .  During  decomposition,  its  chlorine  ions 
move  in  the  electric  field  towards  the  positive  lining  and  form 
AICI3  while  interacting  with  aluminum.  The  compound  promotes 
decomposition  of  pentachlorodiphenyl  and  the  formation  of  new 
portions  of  MCI,  which  destroy  paper  insulation. 

In  order  to  reduce  the  intensity  of  aging,  inhibitors  are 
being  introduced  in  pentachlorobiphenyl ;  they  capture  Cl"  or  H+ 
and  hinder  the  formation  of  HC1.  One  of  such  inhibitors,  men¬ 
tioned  in  section  5-2,  is  antraquinone  [C5H4  (C  -  O2C5H4].  The 
use  of  octadecylene  (CjgH-j^)  has  also  been  reported. 

Acidity  of  sovtols  after  heating  at  110  C  during  30  days 
does  not  increase  more  than  twice  in  the  presence  of  materials 
such  as  transformer  steel,  winding  copper,  hetinax,  cable  paper 
and  rubber.  The  amount  of  the  specified  materials  was  taken  in 
the  tests  1.5  or  2  times  greater  than  in  common  oil-filled  trans¬ 
formers.  The  breakdown  voltage  of  sovtols  did  not  change  only 
when  transformer  steel  coated  with  "202"  enamel  was  used  during 
heating.  It  increased  from  42.8  to  57.3  KV  (for  2.5-mm  standard 
gap)  during  heating  with  other  materials. 

The  dielectric  losses  of  sovtoi,  measured  for  1  KV  and  50  ilz 
in  the  presence  of  various  materials  change  during  heating  in  the 
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following  way: 


*  *  *  t 


t # 


t &«•.- 
a,t  :2'0°C  .. 


at  90°C  ■ 


Original  sovtol  (before  heating) .  7x10"** 

After  heating  at  30°C  during  30  days....  7xlO_I* 
After  heating  with  transformer  steel 

coated  with  202  enamel . .  l.lxlO"3 

The  same,  but  with  winding  copper  PBO... 

The  same,  but  with  hetinax  pipes- .  6xl0_,t 

The  same,  but  with^cable  paper .  1.7xi0“3 

The  same,  but  with  rubber . . . .0.15, 


'1.24x10-3 

ixio-2 


9.7xl0-2 
7.44xl0-2 
8.53x10-2 
5.9x10-2 
>1 .0‘ 


From  the  presented  data  one  can  see  that  the  dielectric  los¬ 
ses  increased  greatly  only  when  heating  sovtols  <with  rubber. 

It  is  worth  noting  that  of  liquids  also  increased  to  52  kV. 


High  stability  of  oils  of  the  .octol  type  was  noticed  during 
their  use  as  impregnating  agents  for-  high-tension  cables.  In  an 
electric  field,  octol-  does  not  give  off  hydrogen,  as  mineral  oils 
do,  but  absorbs  it.  A  mixture  of  oil  and  Colophony  has  the  same 
property.  From  the  viewpoint  of  dielectric  strength,  this  circum 
stance  is  important  for  inhibiting  the  formation  of  gas  bubbles-. 


Solid  products  of  polymerization  such  as  wax  are  not  formed 
in  the  long  operation  of  paper  capacitors  impregnated  with  octol- 
type  oils. 


Volumetric  resistivity  decreases  little  in  certain  sorts 
of  fluororganic  compounds  subjected  to  thermal  aging.  Under  the 
action  of  an  electric  arc  they  are  decomposed  with  an  emanation 
of  carbon  monoxide  and  carbon  “oxide,  and  saturated  as  well  as 
unsaturated  fluoride  compounds.  The  latter  are  corrosive  t0 
metals  and  insulating  materials. 


-156- 


fome  decomposition  products  are  toxic.  Any  significant 
influence  of  fluororganic  liquids  on  metals  and  solid  dielectrics 
under  long  and  joint  heating  has  not  been  revealed. 

It  has  been  reported  in  section  2-4  that  lectronol  absorbs 
more  moisture  than  transformer  oil  does.  Acids  are  formed  in 
lectronol  during  this  adsorption.  The  process  accelerates  with 

increasing  temperature.  However,  E,  does  not  drop  below  0.12 

hr 

MV  per  cm,  at  60  Hz  and  25  C,  even  for  significant  humidity. 

Inspite  of  oxidability  of  this  liquid,  neither  sedimenta¬ 
tion  nor  perceptible  increase  of  dielectric  losses  was  observed 
at  70  C  during  200  days. 

5 - 4 .  Development  of  slip  charges  on  the  contact  surface 

of  transformer  oil  and  air 


Regularities  in  overlap  of  solid  and  liquid  dielectrics  as 
well  as  solid  and  gaseous  ones  over  the  contact  surface  can 
presently  be  considered  well  recognized.  These  problems  have  been 
presented  quite  extensively  in  [85]  and  [198].  However,  very 
little  is  known  in  literature  about  charges  along  the  interface 
boundary  of  liquids  and  gases. 

It  is  known  that  electric  charges  forming  on  the  surface, 
for  example,  paraffin  and  glass,  decrease  the  flashover  voltage 
[199].  Electrification  of  the  surface  also  takes  place  when 
dielectrics  obstruct  the  path  of  charges  in  the  air  [200]  and 
[201].  It  will  be  shown  below  that  such  charges  play  an  impor¬ 
tant  role  also  in  flashover  of  liquids  and  gases  over  their 
contact  surface. 


It  can  be  noted  that  a  formula  for  flashover  voltage, 


derived  from  a  consideration  of  a  substitution  circuit  with  con¬ 
stants  distributed  at  lead-in  insulator,  can  be  applied  to  liquid 
dielect, ics  In  some  particular  cases  [202]. 

Some  empirical  material  concerning  regularities  in  the  dis¬ 
charge  process  over  the  contact  surface  of  transformer  oil  and 
air  is  presented  in  [203], 

The  tests  were  conducted  at  room  temperature  in  the  air 
with  relative  humidity  about  55%.  Transformer  oil  of  high  purity 
was  poured  in  a  circular  brass  bath  (a  pan)  110  cm  in  diameter, 
at  the  level  of  1.8  cm.  Pulsating  voltage  was  applied  to  a  steel 
edge  or  a  nrass  disc  with  smooth  edges,  10  cm  in  diameter.  The 
electrode  was  placed  in  contact  with  the  oil  surface  at  the  center 
of  the  oil  pan.  Voltage  was  recorded  and  measured  by  means  of 
a  high-voltage  cathode  oscillograph,  and  discharges  were  photo¬ 
graphed  in  a  dark  room.  The  bath  served  as  the  other  electrode. 

It  has  been  shown  that  values  of  flashover  voltages  at  the 
positive  edge  are  greater  than  those  at  the  negative  one  (see 
Table  36).  The  opposite  situation  occurs  for  breakdowns  over  air 
gaps  in  the  case  of  an  edge  and  a  plane. 

In  order  to  have  conducted  a  flashover  only  in  the  air  for 
the  negative  edge,  a  voltage  of  about  9.5  kV  per  centimeter  of 
the  gap  was  necessary.  However,  in  the  case  of  contact  between 
the  transformer  oil  and  air  (for  1  equal  to  55  cm),  about  2.3  kV 
was  applied  over  a  unit  length,  while  2.8  kV  per  cm  was  the  value 
for  the  positive  edge.  By  this  means,  more  favorable  conditions 
for  the  development  of  sliding  discharges  as  compared  against 
breakdowns  of  air  gaps  with  the  same  length  and  for  the  same 
e  1  ectrcdes . 
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Table  36 


Values  of  flashover  voltages  over  the  contact  surface  of 
transformer  oil  and  air  (L  equal  to  55  cm) 


Form  of 

electrode  and  its  polarity 

Flashover  voltage,  kV 

Positive 

edge  . . 

147  -  156 

Negative 

edge  . 

118  -  138 

Posi tive 

disc  . 

160  -  165 

Negative 

disc  . 

140  -  145 

Photographs  of  discharges  have  indicated  that  the  channel 
has  a  herringbone  structure  for  a  positive  electrode  (see  photo¬ 
graph  1,  Fig.  82).  In  the  photographs,  the  letter  A  is  assigned 
to  the  metallic  rod  to  which  voltage  was  supplied.  Either  edge 
(ph .  I  and  II)  in  some  cases  or  brass  disc  D  (ph .  Ill  and  IV)  in 
others  was  fastened  on  the  end  of  the  rod.  The  edge  and  the  disc 
were  contacted  to  the  surface  of  the  transformer  oil  poured  into 
a  pan  with  sides  m  (phto  I).  The  image  of  the  discharge  channel 
in  oil  is  denoted  by  o. 

Aside  from  the  herringbone  structure,  discharge  channels 
had  various  zigzags,  and  even  some  "jumps"  away  from  the  contact 
surface  towards  the  air  in  individual  cases  (see  photo  III). 

Such  peculiarities  were  not  observed  for  the  layout  with  a  nega¬ 
tive  electrode. 

Oscillograms  have  contributed  to  the  finding  that  the  dura¬ 
tion  of  the  formation  of  the  discharge  in  the  case  of  a  negative 
edge  is  served  times  smaller  than  that  for  a  positive  edge.  The 
applied  voltage  was  decreased  by  some  20  percent;  i.e.  after  a 
we  1 1  -  conduct i ng  bridge  had  already  occurred;  which  corresponds 
to  3  x  10'7 seconds  for  the  negative  edge  (see  Fig.  83)  or  2  x  10' 
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seconds  for  the  positive  edge.  All  this  information  substantiates 
the  .assumption -that  the  development  of  discharge  from  a  positive 
edge  occurred  under  the  influence  of  some  counteracting  factors. 


Fig.  82.  Photographs  of  sliding  discharges  over  the  contact 
surface  of  transformer  oil  and  air 

I  -  discharge  from  positive  edge  A  contacting  the  surface  of 
oil;  II  -  the  same,  but  from  positive  edge*  III  -  the  same, 
but  from  positive  disc  D;  IV  -  the  same  but  from  negative  disc  D; 
m  -  the  end  of  the  pan 

In  order  to  explain  the  specified  peculiarities  one  should 
pay  attention  to  the  character  of  the  formation  of  streamers 
from  the  positive  edge  during  the  formation  of  discharges. 

Fig.  84  shows  a  photographs  of  flashover  on  the  surface  of  photo¬ 
graphic  paper  in  the  case  of  pulsating  54’kV  voltage  and  6-cm 
distance  from  the  edge  to  the  plane  [204]  .  The  photograph  shows 
that  numerous  streamers  form  at  the  edge  (see  no  in  Fig.  84) 
and  occupy  quite  a  large  space.  Flashover  is  executed  within  one 
of  them.  Such  a  property  is  caused  by  various  mobilities  of  po¬ 
sitive  ions  and  electrons,  as  was  already  mentioned.  At  the  begin¬ 
ning  of  impact  ionization  electrons  flow  to  the  edge  and  form  a 
narrow  stem  of  positive  ions-  During  the  subsequent  ionization, 
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Fig.  83.  Decreasing  voltage  for 
the  formation  of  discharge 
over  the  contact  surface  of 
transformer  oil  and  air  as  a 
function  of  time 
1  -  negative  edge;  2  -  po¬ 
sitive  edge 


Fig.  84.  Sliding  discharge  from 
the  positive  edge  (110)  over  the 
surface  of  photographic  naper; 
the  plane  being  the  other  elec¬ 
trode  . 


electrons  are  poured  into  this  stem,  and  a  narrow  conducting 
nro.iectlon  is  formed.  The  projection  can  grow  towards  the  plane 
maintaining  sharp  inhoraogeneity  of  field  between  electrodes  over 
the  whole  time. 


Oscillograph  recording  has  also  shown  that  the  format;on  of 
the  basic  arc  over  and  perceptible  decrease  of  the  applied  vol¬ 
tage  start  not  immediately  after  the  pulse  height  has  reached  the 
maximum  value,  but  rather  with  some  delay  of  about  4  microseconds 
Numerous  low-power  streamers  (they  could  not  be  taken  in  photo¬ 
graphs)  should  also  arise  from  the  positive  edge  during  this  time 
Ending  up  at  the  oil  surface,  they  bring  about  non-uniform  sur¬ 
face  electrification  and  make  the  formation  of  the  basic  sliding 
discharge  difficult.  Therefore,  zigzags  are  formed  at  the  chan¬ 
nel,  which  can  point  partially  in  the  air. 

Electrification,  of  course,  occurs  also  at  the  place  where 
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the  edge  touches  the  oil  surface.  For  a  significant  surface 
density  of  charge  and  acute  inhomogeneity  of  the  electric  field, 
the  development  of  flashover  occurs  for  relatively  small  voltages 
appl ied . 

Streamers  are  not  formed  during  the  delay  time  in  the  case 
of  a  negative  edge,  and  preliminary  electrification  of  liquid 
does  not  occur.  Thus  the  sliding  discharge  is  formed  in  more  fa¬ 
vorable  conditions  than  in  the  case  of  lower  voltaces  and  during 
shorter  time. 

The  influence  of  such  low-power  streamers  is  most  pronounced 
when  the  edge  is  located  above  the  giounded  pan  with  transformer 
oil.  During  these  tests,  the  edge  was  suspended  over  the  center 
of  the  pan  at  various  distances  from  the  oil  surface.  Pulsating 
voltage  of  various  polarity  was  applied  to  the  edge.  Discharges 
were  recorded  by  means  of  photographs  and  oscillograms. 

From  bibliographical  sources  it  is  Known  that,  edge  and 
plane  cases,  a  streamer  always  begins  its  development  from  the 
edge,  independently  of  the  polarity  of  the  latter  [205].  There¬ 
fore,  it  should  not  make  any  difference  to  the  expanding  streamer 
what  the  situation  is  at  the  plane.  It  should  not  "pay  attention" 
to  a  thin  layer  of  transformer  oil  over  the  plane  until  it  ap¬ 
proaches  it  very  closely,  Then,  either  oil  breakdown,  flashover 
on  the  contact  surface,  or  stopping  of  the  breakdown  would  take 
p  1  a  c  e  . 

However,  tests  [203]  have  shown  that  such  a  flashover  de¬ 
velopment  happens  only  from  the  negative  edge.  When  approaching 
the  surface,  the  discharge  channel  changes  its  trajectory  at 
almost  a  right  angle  and  continues  developing  over  the  contact 
surface  of  oil  and  air.  Consequently,  the  breakdown  of  the  air 
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gap  and  surface  sliding  occur  in  this  case. 


These  discharges  are  shown  in  photographs  I  and  III,  Fig. 
Discharges  propagate  from  point  A,  where  the  edge  ends,  pass 
toward  oil  surface  M,  and  then  reach  the  edges  of  the  pan,  M. 
Discharge  images  in  the  oil  are  seen  at  points  B.  The  form  of 
discharge  channels  is  best  distinguished  by  these  images. 


Fig.  85.  Discharges  from  the  positive  and  negative  edges  : o r 
their  distance  1  from  the  surface  of  transformer  oil 
1  -  negative  edge;  1  equal  to  15  cm;  II  -  positive  edge,  1  equal 
to  20  cm;  ill  -  negative  edge,  1  equal  to  8  cm;  T7  -  positive 
edge ,  1  equal  to  8  on . 


Quite  a  different  picture  is  observed  for  discharges  from 
the  positive  edge.  Almost  all  discharges  are  oriented  towards 
the  edges  of  the  bath  but  not  towards  the  surface  of  the  trans¬ 
former  oil,  even  if  the  edge  is  located  only  few  centimeters 
away  (sec  II  and  IV,  Fig.  85).  The  surface  of  the  transformer 
oil  is  located  at  mid- length  AB.  Only  a  breakdown  of  the  air 
gap  occurs  in  this  case.  It  should  be  noted  tiiat  if  there  were 


no  tr;  .isforner.oi  1  ,  discharges  from  the  positive  or  negative 
edges  would  always  be  oriented  directly  towards  the  certral 
region  of  the  pan. 

For  the  positive  edge,  a  portion  of  streamers  formed  during 
the  static  delay  time  of  the  flashover  reaches  the  ends  of  the 
well-grounded  pan.  Electrons  penetrate  the  narrow  channel  at 
the  side  of  the  ground  and  stimulate  the  formation  of  the  reverse 
discharge.  A  well-conducting  bridge  is  formed.  The  narrow  chan¬ 
nel  of  thermo-  and  photo-ionization  expands,  and  voltage  decrea¬ 
ses  almost  to  zero,  i.e.  a  flashover  takes  place.  If  a  streamer 
ends  at  the  surface  of  the  transformer  oil,  the  current  through 
the  narrow  channel  cannot  increase  and  the  discharge  is  damped 
if  the  surface  electrification  density  at  the  contact  place  is 
insufficient  for  the  continuous  formation  of  the  sliding  discharge 
over  the  surface. 

By  this  means,  one  of  numerous  streamers  is  a  sort  of  pros¬ 
pector.  It  shows  the  path  of  the  basic  flashover.  This  gives 
us  the  impression  that  discharges  from  the  positive  edge  are 
pushed  away  by  the  surface  of  the  transformer  oil. 

In  the  case  of  a  positive  edge,  the  values  of  flashover 
voltages  were  determined  only  by  breakdowns  of  air  gaps.  However, 
in  the  case  of  negative  polarity,  sliding  over  the  interface 
is  also  added  to  such  breakdowns.  Since  breakdown  voltages  of 
air  gaps  are  bigger  for  the  negative  edge,  and  they  are  large 
in  the  case  of  the  positive  edge  for  sliding  over  the  interface, 
the  curves  depicting  flashover  voltages  as  a  function  of  the 
distance  1  over  the  surface  of  the  transformer  oil  have  the  form 
of  scissors  (Fig.  86).  The  curves  show  that  values  of  U  for  the 
positive  and  negative  edge  are  equal  where  1  is  about  4.5  cm. 

For  distances  greater  than  1,  values  of  U  are  greater  for  the 


negative  edge,  and  for  1  less  than  1  they  are  greater  for  the 
positive  edge. 


Fig.  86.  Breakdown  and  flashover  voltages 
as  a  function  of  distance  for  various  polari¬ 
ties  of  a  needle  electrode  located  over  a 
pan  with  transformer  oil. 


Chapter  6 


PRE-BREAKDOWN  PROCESSES  IN  LIQUIDS  AND  BREAKDOWN 

6 - 1 .  Changes  of  conductance  in  stong  electric  fields 

Regularities  of  the  increase  in  current  as  a  result  of  in¬ 
creased  voltage  applied  is  of  great  importance  for  understanding 
the  breakdown  formation  mechanism.  The  investigation  of  these 
processes  in  liquid  dielectrics  had  already  started  at  the  end 
of  the  last  century.  Tests  with  field  strengths  up  to  300  kV  per 
cm  were  then  conducted.  It  was  found  that  the  current  flowing 
through  a  gap  between  electrodes,  1  to  3  mm  long  (1),  depends  upon 
the  character  of  the  liquids,  length  1  and  the  applied  voltage 
[206].  A  little  later  it  was  discovered  that  the  magnitude  of 
the  current  also  depends  on  the  character  of  the  gas  in  the  elec¬ 
trodes  1207].  With  regard  to  sources  of  current  carriers  it  has 
been  shown  that  the  greater  portion  is  coupled  through  its  origin 
to  external  ionization  radiation  [155  and  156].  Based  on  results 
of  further  tests  it  was  concluded  that  current  in  insulating 
liquids  depends  on  the  degree  of  purity,  temperature,  the  geometry 
of  the  electric  field,  and  the  electrode  material,  but  does  not 
depend  upon  the  external  pressure  over  the  liquid  [208], 

According  to  [209  -  211]  impact  ionization  processes  begin 
developing  in  liquids  with  increasing  voltage  of  the  applied 
field,  and  the  current  increases,  in  the  same  way  as  in  gases. 

Tli c  volt-ainpere  characteristic  of  very  pure  liquids  is  essentially 
the  same  as  that  of  gases  (see  Fig.  75);  Ohm's  law  is  satisfied 
for  small  field  voltages,  then  the  region  of  current  saturation 
appears,  and  finally  it  increases  sharply  ending  with  breakdown. 
The  saturation  section  vanishes  in  the  case  of  low-impurity 
liquid  dielectrics.  However,  further  tests  have  shown  that 
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relationships  1  =  f(E)  of  that  kind  are  not  observed  very  fre¬ 
quently.  The  saturation  region  is  usually  lacking.  For  instance, 
it  has  not  been  observed  in  pure  isoctane  [7]],  we  1 1 -puri f i ed 
xylene  [110],  and  certain  liquid  hydrocarbons  [9]].  In  works 
[9]]  and  [110]  it  was  concluded  that  the  current  increase  in 
liquid  dielectrics  in  strong  fields  takes  place  with  a  conside¬ 
rable  contribution  of  cold-emission  electrons  from  the  cathode. 

According  to  the  data  of  [212],  the  predominant  current 
increase  mechanism  in  toluene  with  increasing  E  is  the  thermal 
emission  of  electrons  from  the  cathode  without  impact  ionization. 
Basically  the  same  conclusion,  although  with  some  changes  and 
modifications,  has  been  drawn  by  the  authors  of  [213]  and  [214]. 
However,  they  did  not  study  the  influence  of  the  length  of  the 
gap  between  the  electrodes,  and  their  data  is  insufficient  to 
infer  the  absence  of  impact  ionization.  The  thermal-emission 
mechanism  of  the  current  increase  is  also  reported  in  [215]  and 
[216]. 

A  slightly  different  conclusion  has  been  presented  in  work 
[16],  Aside  from  thermal  emission,  impact  ioni:ation  is  also 
considered  in  that  work.  The  author  of  works  [217]  and  [218] 
assigns  the  nonlinear  current  increase  to  the  dissociation  oi 
liquid  molecules  rather  than  to  additives  and  ionic  complexes. 

This  conclusion,  however,  cannot  be  regarded  as  substantiated 
since  a  fairly  large  amount  of  energy  (about  10  EV)  would  be 
necessary  for  that  sort  of  dissociation. 

When  comparing  the  foregoing  against  the  data  of  paragraphs 
4-3  and  4-4  one  can  notice  the  apparently  different  treatment  of 
the  current  increase  mechanism.  The  condition  of  the  surface 
of  electrodes  would  play  a  decisive  role  in  one  care  (emission 
of  electrons  from  the  cathode),  the  impact  ionization  in  another, 
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and  both  factors  in  still  another  case.  Kith  regard  to  thii 
one  should  be  aware  of  the  fact  that  the  electrode  material 
does  not  affect  the  current  magnitude  in  the  case  of  small 
distances  between  electrodes  [99]. 

It  can  be  assumed  that  merely  a  single  current  increase  mechanism 
in  strong  electric  fields  does  not  exist.  For  large  gaps  between 
e lectrodes,  the  growth  of  current  is  apparently  determined  by  impact 
ionization  in  the  most  part,  while  processes  in  electrodes  play 
a  decisive  role  for  small  gaps. 

Certain  peculiarities  in  the  increase  of  current  in  indivi¬ 
dual  liquids  can  be  assessed  from  the  curves  in  Fig.  87  [110]  for 
Z  equal  to  0.57  mm.  Very  pure  xylene  was  vacuum-distilled  two 
times;  heptane  and  chlorobenzene  were  distilled  in  air  and  in  a 
vacuum.  Plane  electrodes  of  stainless  steel  had  protective  rings. 

The  measurements  were  conducted  at  approximately  room  temperature. 

For  field  strengths  exceeding  a  certain  critical  value  EQ  it 
has  been  found  that  a  sharper  increase  of  current  takes  place 
and  that  the  magnitude  of  EQ  should  characterize  the  given  liquid 
to  a  certain  extent.  Corresponding  values  of  E^  are  presented 
in  Table  37. 

Judging  by  the  tabulated  material,  values  E^  are  relatively 
small  in  strongly  polar  liquids.  Causes  of  the  steeper  increase 
in  current  for  E>Eq,  are  usually  assigned  to  the  beginning  of 
impact  ionization.  It  is  little  likely  that  a  certain  portion 
of  this  growth  is  related  to  the  increased  ion  mobility.  To 
prove  this  one  can 'make  use  of  curves  in  Fig.  88  presenting  the 
relationship  I  =  f(/~ E)  for  liquid  (23°C)  and  solid  (0°C)  gaso¬ 
line  and  1  equal  to  0.076  cm  [218].  Electrodes  of  degassed  nickel 
were  used  in  the  tests.  The  curves  in  Fig,  88  have  almost  the 
same  form.  If  the  mobility  of  ions  increased  in  liquid  gasoline 
with  increasing  E,  the  curves  would  diverge  at  a  certain  voltage  E 
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with  increasing  E,  the  curves  would  diverge  at  a  certain  voltage  £ 
greater  than  Eq. 
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Fig.  87.  Current  as  a  function 
of  the  voltage  of  field  applied 
at  various  temperatures  t. 

1  -  highly  purified  xylene,  t~ 

8 0 3 C ;  2-the  same  at  t=0°C;  3- 
the  same  at  t=-20°C;  4-purified 
heptane;  5-purified  chlorbenzene 


Fig.  88.  Volt-ampere  charac¬ 
teristics  of  gasoline;  the  gap 
between  electrodes  =  0.076  cm. 
1-liquid  gasoline;  t=23°C;  2- 
solid  gasoline,  t=0°C 


Table  37 


Values  of  Eq  for  some  liquids 


Liquid 


Dielectric 
permiti vity 


Critical  voltage  Eq  mv/cm 


After  Walter 


A p t e r  Nikmadse 


and  Inge 

Xylene 

2.5 

210 

Toluene 

2  .  2 

— 

110  -  120 

:  eptane 

'  .9 

1 10 

— 

Ch lorogenzene 

4.0 

80 

85  -  100 

N i trobenzene 

32.0 

•  50 
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From  curves  in  Fig.  87  and  data  of  Table  37  one  can  conclude 
that  voltage  E^  for  the  same  liquid  docs  not  depend  upon  tempera¬ 
ture.  However ,  the  steepness  of  current  growth  for  E>  Eq  depends 
on  individual  properties  of  liquids  since,  apart  from  impact 
ionization,  it  is  the  capture  of  electrons  by  molecules,  the  exci¬ 
tation  of  the  latter,  and  recombination  of  charged  particles  which 
-also  begin  to  play  an  important  role. 


To  date,  minimum  gaps  between  electrodes  are  unknown  for 
which  the  specified  processes  determine  the  course  of  characteris¬ 
tics  I=f(E)  for  various  liquid  dielectrics.  These  problems  have 
nto  been  explored  ) et .  Only  some  remarks  are  available  as  to 
regularities  of  current  increase  for  voltages  E>Eq. 


Fig,  89.  Current  as  a  function 
of  pure  transformer  oil  at  variou- 
temperatures . 


For  instance,  one 
can  pay  attention  to  the 
curves  in  Fig.  89,  drawn 
for  measurement  data  con¬ 
cerning  currents  in  trans¬ 
former  oil  at  various  tem¬ 
peratures  [219]  .  The  data 
refer  only  to  the  range 
E>Eq  or  to  a  portion  of 
the  characteristic  behind 
point  B  in  Fig.  75.  Based 
on  these  curves  one  can 
write  the  following  for 


the  I  versus  E  function: 


/  -  V 


iU 


-  IQe 


cm 


(27) 


It  has  been  discovered  that  the  power  factor  of  (27)  does 
not  depend  on  temperature,  and  therefore  it  can  be  assumed  equal 
to  c'(E-Eg)Z  (see  Fig.  89  and  Table  37).  As  was  shown  in  the 
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preceding  section,  the  magnitude  of  this  coefficient  in  the  air 

2 

5S  equal  to  c(E-Eq)  j,  with  c  equal  to  1.2  and  Eq=22.9.  From  a 
comparison  it  follows  that  the  growth  of  current  under  impact 
ionization  in  liquids  develops  laes  rapidly  than  in  air,  due  to 
the  capture  of  free  electrons  by  molecules.  Negative  ions  are 
formed  during  this  capture  [44]. 

In  theoretically  substantiating  the  decrease  in  the  intensity 
of  ionization  in  liquids  one  can  use  an  equation  derived  for  the  case 
of  impact  ionization  and  the  capture  of  electrons  by  gas  molecules 
[142]  and  [220]. 

Let  us  denote  the  number  of  electrons  in  1  cubic  cm.  of  liquid 
as  n,  and  their  velocity  of  motion  as  v.  The  amount  of  negative 
ions  in  1  cubic  cm.  is  assumed  to  be  N,  and  their  velocity  is  assumed 
to  be  V.  Moreover,  let  us  assume  that  the  number  of  pairs  of 
charge  carriers,  created  by  one  electron  during  the  collision 
along  1  cm.  of  path  is  equal  to  a1,  while  the  number  of  electrons 
captured  along  this  section  by  neutral  molecules  is  e'. 


For  a  uniform  electric  field  one  can  write  the  following  for 
the  changes  of  nv  and  NV  over  length  x :  dng 


jlNV_ 

Jx 


,lx 


—  nv{p.'  —  O; 


=  nvi . 


I  28  ) 

(29) 


In  assuming  the  cathode  to  be  the  source  of  electrons  one 
obtains  the  following  solution  to  these  equations: 

NV  -■  ——-7  —  1  j . 

The  overall  flux  of  charged  particles  at  the  anode  (x-1)  will 
be  the  sum  r  (l, £, 

Z  ^  (nv  -f  NV).,  ,  ■  ■■  - 7 --t 


(30) 


A  formula  for  current  density  can  be  obtained  fsom  equation 
(50)  by  multiplying  L  by  the  elementary  charge 
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j,.j  r  .-lit _ n~| 


where  J  is  the  initial  current  density  at  the  cathode  (x=0) . 
n 

The  constants  a1  and  e’  can  be  determined  from  test  data  for 
current  as  a  function  of  the  distance  betwwen  electrodes.  Let  us 


introduce  the  notation 

Jn  /  .  1 M 

(31) 

j  _  =  B. 

n  t'  —  a* 

(32) 

Then  we  obtain  the 

foliosing  for  current: 

J  -.A  —  Be-J, 

(33) 

J  =  A  —  B  =  J  n. 

(34) 

Values  of  a  can  be 

calculated  by  the  slope 

of  empirical  curves 

I  =  f ( 1 )  as  fol lows  : 

and 

B  J~Jh 

(1  —  («*—»*»  fj 

The  saturation  current  is  found  empirically.  On  the  basis 
of  equation  (34)  one  can  easily  determine  A/B=E/a',  by  this  means, 
the  absolute  values  of  the  ionization  factor  a'  and  adhesion  e'  can 
be  calculated  by  making  use  of  their  differences  and  ratios. 

Fig.  90  shows  curves  for  the  dependence  of  currents  in 
nitrobenzene  versus  the  length  of  the  inter-electrode  gap,  1, 
for  various  E.  The  calculated  points  in  Figr  90  are  marked  with 
flags.  Parameters  B ,  A , a '  and  e'  can  be  determined  by  using  these 
curves.  Their  numerical  values  for  nitrobenzene  and  mineral  (trans¬ 
former)  oil  are  compiled  in  Tables  38  and  39). 

It  has  been  shown  that  the  growth  of  a'  and  e  *  iSi  notrobenzene 
starts  at  smaller  E  than,  for  instance,  in  toluene  and  transformer 
oil.  This  is  apparently  due  to  the  difference  in  the  chemical 
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Fig.  90.  Current  in  nitrobenzene 
for  various  interelectrode  gaps 
and  some  field  strengths 

1 -E=65kv/cm ;  2-60kv/cm;  3-55  Kv/cm; 
4-50  kv/cm. 


compositions  of  the  liquids 
compared.  e'  is  greater 
than  a'  for  fairly  small 
field  strengths,  but 
the  sign  of  the  inequality 
is  reversed  after  E  has 
reached  some  E'.  The 
increase  of  a*  along  with 
E  confirms  the  presence  of 
impact  ionization  in  the 
liquid. 


For  the  case  of  small 

interelectrode  gaps,  the  processes  of  impact  ionization  become 
promounced  only  for  very  great  field  strengths.  For  example,  the 
processes  could  be  observed  for  E  greater  than  0.8  mv/cm  in  highly 
pure  n-hexane  if  the  distance  between  the  sphere  and  the  liquid 
was  several  tens  of  microns  [215].  The  numerical  material  obtained 
in  those  tests  is  presented  as  a  series  of  curves  in  Fig.  91. 


Table  38 

Constants  u,  B,  A,  a'  and  e'  for  various  E  in  nitrobenzene 


Constants 

Field  Strength  E , 

kv/cm 

50 

55 

60 

65 

u 

2 .94 

2.85 

2.75 

2  .  72 

B* 106a 

66.00 

95.00 

146.00 

220.50 

A- 106a 

80.00 

109.00 

160.00 

734.50 

e  '  /a ' 

1  .21 

1.15 

1  .09 

1  .06 

a  ' 

13.90 

19.00 

29.00 

41  .80 

c  ' 

16  .  84 

2 i  .85 

31  .75 

44.52 

If  one  had  considered  exponential  curves  accounting  for  a 
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spherical  emitting  surface  (sphere),  the  function  l=f(E)  would 
be  rectilinear  without  the  effect  of  impact  ionization.  In  fact, 
such  a  relationship  was  observed  up  to  E  =  0.8  mv/cm.  It  breaks 
off  for  higher  E.  The  author  of  work  [214]  therefore  assumes  that 
for  E  exceeding  0.8  mv/cm  impact  ionization  starts  in  n-hexane 
for  the  specified  l.  the  breakdown  strength  of  the  liquid  was 
1.55  mv/cm  for  2  equal  to  25  micrometers. 


Table  39 


Constants  p,  B.  A,  a.’  and  e'  for  various  E  in  mineral  oil 


Constants 

Field  Strength  E,  mv/cm 

u, 

10.99 

7.00 

5.10 

4.05 

B* 1010a 

17.25 

73.00 

201.00 

359.00 

*•  l(]1Ga 

25.75 

81.50 

209.50 

367.50 

e  '  /  a  * 

1  ,49 

1.11 

1.04 

1  .02 

a* 

22.40 

60.00 

121.20 

184.00 

E  » 

33.39 

67.00 

126.30 

188.00 

Fig.  91.  Current  in  n-hexane 
as  a  function  of  the  distance 
between  electrodes  for  various 
E . 

1-  F.-1.2  mv/cm;  2-  l.l  mv/cm; 

3-  1.0  mv/cm;4-  0.8  mv/cm;  5- 
0.6  mv/cm. 


On  the  basis  of  material 
obtained  it  was  concluded 
that  the  function  I=f(E) 
satisfies  the  equation  of 
thermal  emission  if  elec¬ 
trodes  have  been  machined 
thoroughly.  However,  just 
the  reverse  statement  has 
been  made  in  work  [147]. 
According  to  data  of  [91] 
even  for  highly  refined  n- 
hexane,  the  function  1  =•  f  ( E ) 
basically  satisfies  the 
equation  of  cold  emission. 
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It  should  be  noted  therefore  that  even  though  the  volt- 
ampere  characterists  for  very  small  1  are  determined  by  the  state 
of  the  surface  of  electrodes,  in  principle,  conclusions  as  to 
wheter  characteristics  I  =  f(E)  obey  equations  of  cold  emission 
or  thermal  emission  should  actually  ’„e  treated  with  great  caution. 

It  vas  mentioned  earlier  that,  in  the  case  of  direct  voltage, 
current  decreases  rapidly  over  the  studied  period  of  time,  about  one 
minute.  At  this  point  it  sculd  be  noted  that  the  speed  of  this 
decrease  is  apparently  affected  by  the  chemical  composition  of  the 
liquid  and  depends  on  methods  of  purification,  as  well.  It  is 
also  possible  that  a  certain  role  is  played  by  length  and  the 
applied  field  strength.  For  example,  they  pointed  out  in  work  [221] 
that  the  same  well-purified  n-hexane  for  l  equal  to  0.024  cm  and 
E  about  0.06  mv/cm  is  charac  erized  by  a  decrease  in  current  for 
about  five  minutes. 


What  kind  of  relationship  I-f(F.)  is  observed  for  short 
rectangular  pulses?  Some  information  about  this  problem  can 
be  found  in  [158].  The  authors  of  that  work  measured  currents 
in  n-hexane  by  uci.ig  a  system  similar  to  Shering's  bridge  with 
a  short  pulse  transformer.  However,  more  detailed  and  interesting 
data  were  obtained  in  work  [221]  for  the  same  n-hexane  studied  in 
the  system  presented  in  Fig.  92.  Uq  denotes  an  applied  voltage, 

Cj  the  capacitance  of  electrodes  of  the  liquid  studied,  Rj  its 
resistance  and  C-  capacitance  in  the  circuit  of  electrometer  3. 


osc i 1 1 ogranh 


Fig.  92.  System  for 
measuring  of  currents 
in  the  case  of  short 
rectangular  pulses. 
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Plane  electrodes  of  stainless  steel  with  bent  edges  (Rogovskiy 's . 
electrodes)  were  used  in  the  measurements.  A  rectangular  pulse 
was  applied  to  the  circuit  of  R  and  C,  and  charge  was  created  in 
capacitance  C2  wi th  very  good  insulation;  the  charge  was  measured 
with  electrometer  3  after  S  had  been  switched  on. 

A  desired  resistance  was  calculated  by  the  formula 

D  _ _ t _ 

t'i  (Cj  -  Cj)  ,Cj  —  Cj)  '  (35) 

where  i  is  the  duration  of  pulse 
11  j  is  voltage  at  C^. 

It  has  been  shown  that  current  flowing  through  n-hexane,  for 
short  pulses,  is  several  orders  of  magnitude  larger  than  a 
steady  current  under  constant  voltage.  The  magnitude  of  this 
current  does  not  depend  upon  the  time  that  voltage  was  applied 
within  the  range  of  1  microsecond  to  1  millisecond.  The  use 
of  such  a  flat  section  for  is  proposed  within  more  or  less 
the  same  interval  of  expositions  on  the  curve  in  Fig.  36. 

Measurement.,  of  Rj  were  conducted  for  various  H  and  l 
(Fig.  93).  The  dotted  curves  denote  identical  field  strengths 
on  the  studied  object.  Below  the  field  strength  Ej  =  1.2  mv/cm, 
values  of  current  densities  remained  almost  independent  of  length 
l  within  the  range  form  0.001  to  0.024  cm.  Increasing  current 
was,  however,  observed  with  increasing  7  for  Z  greater  than 
1  2  mv/c-„.  Thi.  has  a  "■  j  neen  assigned  to  impact  ionization. 

Work  [221]  notes  the  fact  that  random  breakdowns  in  n-hexane 
occurred  during  the  measurements  also  Tor  E  =  0.5  mv/cm.  The 
current  magnitude  increased  greatly  after  such  breakdowns.  In¬ 
creased  current  was  observed  also  when  a  liquid  was  substituted 
by  a  new  portion.  The  replacement  of  electrodes  or  a  >od 
machining  of  old  ores  was  necessary  to  maintain  the  former  state. 
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Fig.  93.  Current  density 
as  a  function  of  voltage 
in  n-hexane  for  various 
gaps  between  electrodes, 

1^.  Pulses  are  5;3;and  1.5 
microseconds . 


Near  breakdown  voltage  a  large  amount  of  energy  (about 
3 

10,000  W/cm  )  is  emanated  in  the  gap  between  electrodes.  Based 
on  this  finding,  the  authors  of  [221]  consider  that  before  break¬ 
down  a  liquid  can  begin  evaporating  and  liberating  gas  bubbles 
from  which  bridges  between  electrodes  would  form.  At  this  point, 
however,  one  should  pay  attention  to  the  duration  of  the  action 
of  voltage.  The  formation  of  bubbles  is  questionable  in  the  case* 
of  short  pulses. 

By  this  mean-i,  in  the  case  of  short  rectangular  impulses 
and  small  gaps  between  electrodes,  the  processes  of  impact  ioniza¬ 
tion  in  well-purified  n-hexane  are  pronounced  for  higher  field 
strengths  (1.2mv/cm)  than  for  direct  voltage  (0.8  vra/cm).  But 
when  do  the  breakdowns  for  0.5  mv/cm  form  under  such  circumstances? 
If  they  do  it  without  impact  ionization  and  only  due  to  cold  emis¬ 
sion  of  electrons,  then  a  significant  field  intensification  should 
be  expected  at  the  insulating  cathode  film.  This  could  happen 
due  to  the  contribution  of  positive  ions  and  only  if  voltage  were 
on  for  a  longer  time.  Hence,  this  is  not  compeletely  clear. 

It  is  well-known  that  a  strong  motion  begins  at  certain 
insulating  surfaces  in  the  case  of  great  field  strengths.  This 
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motion  was  subject  to  special  investigations  [222].  The  mechanism 
of  this  phenomenon  has  not  been  discovered  yet.  Similarly,  no 
ful ly-rel iable  data  are  available  on  the  degree  of  this  influence 
upon  the  relationship  between  I  and  E. 

By  solving  equations  of  electro-dynamics  and  hydrodynamics 
(the  Navier-Stokes  equations)  the  authors  of  [223]  have  shown  that 
a  mobile  medium  must  not  be  stagnant  in  an  electric  field.  The 
velocity  of  a  medium  is  small  only  for  very  weak  fields  and  a 
small  specific  conductance.  From  an  analysis  of  the  obtained 
data  it  follows  that  for  significant  E  the  overall  electric 
conductivity  of  a  moving  liquid  should  be  basically  determined 
by  the  convective  motion  of  charged  particles  and  displacement 
flows.  The  current  should  be  proportional  to  the  cube  of  the 
applied  field  strength  in  the  case  of  laminar  motion  through 
the  inter-electrode  gap,  or  to  the  square  --  for  turbulent  motion. 

According  to  data  of  [91],  current  and  applied  voltage  in 
n-hexane  are  interrelated  linearly  in  the  system  with  corrdinates 
being  AT  and  IJ .  This  is  explanied  in  work  [224]  as  the  result 
of  the  laminar  motion  of  the  liquid  during  the  measurement  of 
Currents.  The  relationship  can  also  be  linear  for  transformer 
oil  if  one  uses  coordinates  /  I  and  U  [85].  According  to  [224], 
this  is  possible  only  for  spontaneous  turbulent  motion  of  trans¬ 
former  oil. 

Fo 1 1 owi ng  'th i s  concept,  neither  chemical  composition  of 
liquids,  impact  ionization,  the  influence  of  electrodes,  r.or 
additives  etc.  should  be  taken  into  account  when  explaining  the 
nonlinear  relationship  I=f(E).  However,  empirical  data  imply 
the  importance  of  those  factors.  One  should  measure  currents  for 
small  E^  and  forced  laminar  or  turbulent  flow  of  liquids  if  one 
aimed  at  explaining  why  the  specified  factors  cannot  create  the 
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nonlinear  relationship  by  themselves. 


Based  on  data  on  the  beginning  of  ionization  processes  and 
the  influence  of  the  condition  of  the  electrode  surface  one  can 
apparently  clarify  very  sophisticated  relationships  with  "light" 
and  "dark"  points. 

"Dark"  is  the  adjective  given  to  the  current  that  can  be 
measured  in  a  dark  room  without  the  influence  of  light  on  the 
object  tested.  It  increases  drastically  in  certain  liquid 
dielectrics  and  insulating  mixtures  with  increasing  E.  The  dark 
current  can  be  added  to  a  significant  "light"  component  if  a 
liquid  is  subject  to  ultraviolet  light  radiation  from  a  quartz 
lamp.  The  overall  current  will  then  flow  through  the  gap  studied. 
Under  reiterated  measurement,  the  current  will  increase  in  a 
way  identical  to  this  before  irradiation,  i.e.  the  "light"  compo¬ 
nent  remains  almost  unchanged. 

For  example,  a  solution  (10  moles  per  litei'  of  antracene  in 
pure  hexane  was  tested.  The  current  was  stabilized  soon  after 
ultraviolet  radiation  by  means  of  a  quartz  lamp.  This  process  lasts 
several  hours  in  many  light-adsorbing  liquids.  Separate  "dark" 
and  "light"  components  were  measured  along  with  f(E)  [3].  It  has 
been  found  that  the  "dark"current  increased  very  much  for  increa'ing 
E,  but  the  photoelectric  current  ("light"  one)  does  not  depend  on 
E.  It  remained  constant  up  to  about  300  kv/cm  (Fig.  94).  No 
exponential  increase  was  observed,  as  could  be  anticipated  ac¬ 
cording  to  the  theory  of  impact  ionization. 

Solid  curves  in  Fig.  94  were  drawn  according  to  test  data 
obtained  during  measurements  of  photocurrents  for  l  equal  to 
0.5  mm  (circles)  and  for  l  equal  to  1  mm  (crosses).  Ihe  dotted 
curves  show  values  of  currents  calculated  under  the  condition  of 
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Fig.  94.  "Light"  current,  in  a 
mixture  of  n-hexane  and  anthracene 
as  functions  of  the  applied  field 
voltage . 

1-  test  curve  for  Z=0.5  mm;  2-  the 
same  for  1  mm;  3-  the  upper  limit 
of  increasing  current  during  tests 
4-  calculated  curve  for  1=0.5  mm 
under  impact  ionization;  5-  the 
same  for  1  mm. 


the  existence  of  impact  ionization. 

Almost  the  same  laws  for  the  growth  of  "dark"  and  "light" 
currents  have  been  found  as  a  result  of  the  study  of  degassed 
heptane  [218] .  Degassed  and  roughly  cleaned  molyldenum  semi¬ 
spheres  were  used  as  electrodes  .The  increaed  of  "dark"  current 
with  increasing  voltage  was  observed  for  E  above  60  kv/cm. 

It  can  be  added  that  about  the  same  character  of  relationship 
was  also  noticed  in  the  investigation  of  certain  semiconductors 
[225]  . 

"Light"  currents  can  usually  be  measured  only  in  combination 
with  "dark"  ones.  It  has  already  been  mentioned  that  increasing 
current  with  increasing  E  up  to  very  high  values  can  be  determined 
by  the  state  of  electrode  surfaces  in  the  main  part.  If  the  same 
thing  had  taken  place  in  the  measurement  of  overall  current,  then 
the  growth  of  the  "dark"  component  could  have  been  explained  in 
terms  of  the  emission  of  electrons,  strengthened  by  the  field  of 
positive  ions,  which  gathered  in  large  amounts  at  the  insulating 
film  on  the  surface  of  the  cathode  with  increasing  E.  Addition  of 
the  "light"  component  only  increased  the  "dark"  current.  The  con¬ 
dition  of  the  surface  of  the  cathode  was  almost  unchanged,  and 


thus  there  was  no  reason  for  a  sharper  increase  of  tne  overall 
current . 

Several  formulas  have  been  proposed  for  the  relationship  of 
electrical  conductivity  or  current  on  the  voltage  of  the  field 
applied.  Jt  has  been  assumed  that  some  of  them  are  suitable  for 
both  liquid  and  solid  dielectrics.  One  of  those  formulas,  simi¬ 
lar  to  (27)  is  Poo  1  * s  [.226]-. 


(36) 


Tests  have  shown  that  this  formula  is  really  applicable  for 
some  liquid  and  solid  dielectrics  [227,  228,  229]. 


Frenkel  has  proposed  a  formula  [153]  with  a  slight  modification 
based  on  the  classical  mechanism  of  the  ionication  energy  of  a 
polarized  atom  decreasing  in  an  electric  field  E  by  a  value 
AW  =  2/e3IL  According  to  this  formula,  conductance  changes 

as 


.«  V  . 


(37) 


where  e  is  the  elementary  charge,,  and  c  the  electron  component  of 
absolute  dielectric  constant  equal  to  the  square  of  the  coefficient 
of  refraction. 


It  has  been  shown  that  formula  (37)  can  be  used  for  a  limited 
number  of  dielectrics.  For  some  of  them  (mica),  o,  changes  ac¬ 
cording  to  (36)  and  afterwards  it  changes  according  to  (37)  after 
a  certain  increase  in  E  [230], 

The  formula  by  Onsager  [231]  can  also  be  quoted  for  the 
relationship  in  liquids.  It  was  derived  for  the  number  of  disso¬ 
ciated  ion  pairs,  n,  in  a  homogeneous  solution  after  an  electric 
field  has  been  applied,  as  follows: 
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n  -  const 


i 


/mmsi, 

2/1 


where  Jj  is  a  Bessel  function  of  the  second  kind. 


(38) 


and  e^  and  e2  are  charges  of  ions,  while  the  porducts  e, v ^  and 
e2\'2  correspond  to  \kheir  mobilities. 


The  formula  becomes  simpler  for  snail  values  of  the  absolute 
dielectric  constant: 


«  =  /(*.  T.  E\tkT  *  *. 


(39) 


Attempts  were  made  to  compare  values  o  calculated  according 
to  (39)  and  (27)  against  empirical  data  [232].  It  has  been  found 
that  the  experimental  relationship  o=f(E)  obeys  formula  (39)  only 
on  an  order  of  magnitude.  The  dispersion  of  test  data  was 
large  that  the  obtained  data  could  be  regarded  as  satisfying  for¬ 
mula  (27)  as  well. 


In  presenting  the  existing  theories  of  the  breakdown  of 
liquid  dielectrics  we  will  point  out  a  successful  attempt  of  cal¬ 
culating  E^r  for  carbon  tetrachloride  by  formulas  derived  for 
crystalline  dielectrics.  Adaptations  of  that  kind  will  probably 
prove  expedient  in  the  determination  of  a  in  some  individual  cases. 
Therefore  one  should  pay  attention  to  another  formul~  o=f(E) 
derived  by  Freilich  [232]  for  crystalline  dielectrics  ~.s  well. 


where  F.  is 


F. 


br 


AW 


li * 
"P 


w 

AB7 


the  strength  of  the  field  applied; 
strength  of  the  applied  field  at  the  time  when 
dielectric  breaks  down; 

difference  of  energies  of  the  conductivity  zone 
levels  of  excitation; 


(40) 


and 
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W  =  — ffflMjL.  t  where,  in  turn,  Wq  is  the  energy  between  the 
major  zone  and  the  zone  of  conductivity; 
e  =  2.713; 

Oq  •=  conductance  in  weak  fields. 

«  * 

A  fairly  good  coincidence  of  empirical  data  for  a  and  those 
calculated  by  (40)  has  been  found-  for  black  dried  lacquer. 

Thus,  three  different  forms  exist  for  formulas  describing 

the  relationship  o=f (E) .  According  to  one  of  them,  o  should 

increase  exponentially  With  the  index  of  B/E,  and  the  third  - 

2 

the  square  of  E  according  to  cE  .  Simultaneously,  it  has  been 
discovered  that  the  change  of  conductance  for  some  dielectrics 
with  increasing  E  can  be  expressed  by  one  of  the  specified  formulas 
with  a  certain  accuracy.  But  none  of  them  can  be  regarded  as 
universal.  From  this  it  may  be  concluded  that  the  increase 
mechanism  of  o  with  increasing  E  is  different  in  various  dielectrics. 


6-2.  Pre-breakdown  Process  in  Liquids 

The  formation  of  breakdown  in  liquids  usually  occurs  with  a 
certain  delay  even  if  the  app'leid  voltage  is  much  larger  than  the 
minimum  breakdown  voltage  [89].  This  condition  is  a  characteristic 
property  fo  llquds-.  In  principle,  this  is  not  observed  in  gaseous 
dielectrics  and  many  solid  ones.  The  delay  time  of  breakdown  in 
very  small  spaces  filled  with  a  liquid  is  determined  by  their  length 
l  [56],  machining  of  electrodes,  and  static  factors  [233],  The 
better  the  machining,  the  longer  is  the  delay  time  [234],  Tills 
regularity  is  without  doubt  determined  by  the  cold  emission  of 
electrons  from  the  cathode. 

The  time  period  from  the  moment  of  reaching  the  breakdown 
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value  by  the  pulse  height  under  the  long  action  of  voltage,  to 
the  beginning  of  the  formation  of  breakdown  or  perceptible  decrease 
of  amplitude  is  commonly  called  the  time  or  static  delay-.  For 
gasses,  for  example,  it  is  assumed  that  during  this  time  a  free 
electron  will  appear  which  can  induce  avalanches  by  impact  ioni¬ 
zation  and,  furthermore,  progressive  development  of  breakdown. 

It  has  been  pointed  out  in  the  preceding  sections  that  the 
process  of  current  increase  before  breakdown  differs  somewhat 
from  thei  same  process  in  gases,  for  vol.tages-cl ose  to  the  break¬ 
down  voltage.  A  portion  or  the  avalanche  electrons  is  captured 
by  liquid  molecules,  and  those  remaining  are  accelerated  by  the 
applied  field.  Under  inelastic  collisions,  they  consume  the 
energy  obtained,  .from  the  field  and  excite  vibrations  of  atom 
groups  of  complex  molecules.  This  creates  a  kind  of  barrier 
preventing  a  liquid  dielectric,  from  breakdown  under  small  E. 

Impact  ionization  starts  only  for  field  strengths  close  to  the 
breakdown  strengths.  Problems  arise  ."is  to  whether  the  process  of 
breakdown  form  ,tion  alsays  develops  progressively  at  the  beginning 
of  the  ionization ‘and  what  happens  in  dielectric  during  the  time  of 
static  delay'. 

Some  researcher?  consider  that,  as  a  result  of  the  decrease 
of  ionization  energy  due  to  the  interaction  of  internal  fields 
of  molecules,  individual  sets  of  impact  ioniaation  in  condensed 
phases  occur  fairly  frequently  even  for  rather  low  voltages  of 
fields  applied.  If  this  were  true,  the  concept  of  a  free  electron 
able  to  create  an  avalanche  and  to  induce  progressive  formation 
of  breakdown  would  become  meaningless.  Free  electrons  can  appear 
in  liquid  at  any  time  of  static  delay,  but  also  at  any  time  they 
can  be  captured  by  molecules  or  recombined.  Based  on  this  reasoning 
one  can  assume  that  the  dynamic  process  of  the  breakdown  forma¬ 
tion  during  the  static  delay  time  occurs  continuously  but  with 
the  active  participation  of  counteracting  factors.  Tests  have 
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confirmed  this  point  of  view. 

The  tests  were  conducted  according  to  the  scheme  presented  in 
Fig.  95  [89] .  Voltage  was  applied  from  a  pulse  generator  IG  to 
a  tested  object  B  either  directly  (diagram  a)  or  through  a  restric¬ 
ting  resistance  r^  (diagram  b)  . 


During  breakdowns  of  gaseous  gaps  it  was  observed  that  the 
occurrence  of  stepwise  leaders  or  streamers  it,  the  spark  gap  is 
accompanied  by  a  small  but  acute  voltage*  decrease  [235]  and  [236] . 
Based  on  data  of  (103]  one  could  conclude  that  the  same  happens 
in  liquids.  Therefore,  a  high-voltage  cathode  oscillator  was 
applied  to  record  the  pre-breakdown  processes. 

Before  tests,  transformer  oil  was  purified  with  30  percent 
fuming  sulphuric  acid.  After  washing  it  was  vacuum-dried  at 
TOO  ''C  a’ d  filtered.  Castor  oil  was  vacuum-dried  also  at  100°C 
and  was  filtered  after  cooling.  Light  fractions  of  xylene  were 
removed  during  distillation.  Electrodes  were  polished  and 
heated  at  high  temperature,  also  in  a  vacuum. 


to  cathode 


Fig.  95.  Systems  of  tests  of 
pre-breakdown  processes. 


Fig.  96  presents  oscillograms  recorded  during  the  study  of 
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the  specified  liquids.  Among  them  oscillograms  I,  II,  and  III 
were  found  by  using  system  a  (Fig.  95),  while  oscillogram  IV 
was  determined  for  system  b.  The  period  of  calibrating  sinusoidal 
oscillations  oh  the  abscissa  axis  of  oscillograms  I,  II,  land  III 
is  equal  to  5 ; TO  sec.  Explanations  for  the  oscillograms  are 
given  in  Table  40. 

Aftjr  switching  on  a  voltage  equal  to  the  breakdown  voltage, 
the  static  delay  of  breakdown  in  transformer  oil  lasted  30  micro¬ 
seconds  (oscillogram  I).  During  this  time  quite  intensive  processes 
of  impact  ionization  were  taking  place  with  the  simultaneous  for¬ 
mation  of  small  streamers,  whidh  can  be  judged  by  teeth  1,2,3,  and' 

4  on  the  pulse  wave  of  oscilLogram  I.  The  same  has  been  noticed 
in  castor  oi  l...in -the  case  qfpositive  edge  (oscillogram  III).  In 
this  case  the  occurrence  of  the  first  streamer  has  been  observed 
earlier  during  the  time  o|  static  delay  equal  to  50  microseconds. 

By  this  time,  intensive  processes  of  impact  ionization  with 
the  formaton  of  electron  avalanches  and  small  streamers  take  place 
in  strongly  heterogeneous  fields  during  the  pre-breakdown  period. 

The  occurrence  of  each  streamer  can  be  regarded  as  the  beginning 
of  the  formation  of  breakdown.  However,  this  formation  was 
damaged  several  times  by  the  intensive  capture  of  electrons.  A 
large  amount  of  charged  particles  collected  in  the  space  between 
electrodes  and  complete  breakdowns  were  finally  formed.  Since  the 
occurrence  of  streamers  has  been  observed  for  the  positive  edge 
as  well,  one  may  assume  that  their  formation  by  the  mechanism  of 
impact  ionization  can  develop  without  the  cold  emission  of  electrons 
from  cathode,  too. 

Basically,  the  same  phenemcnon  is  observed  in  uniform  fields 
(see  II  in  Fig.  96).  For  E  equal  to  0.315  up  to  0.35  mv/cm  the 
breakdown  of  transformer  oil  was  not  formed  despite  the  ionization 
processes  during  the  pre-breakdown  time  were  fairly  intensive,  as 
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Fig.  96.  Voltage 
oscillograms  during 
-p? e-b  re  ale  down-  time 


Table  40 


1 anati on  to  oscillograms  in  Fig.  96. 
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10 
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To  maxlmt 

1 1  mm  in  dlamatar 

amplltud* 

1 

-well.  The  occurrence  of  streamers  was  noticed  almost  immediat  !y 
after  pulse's  had  reached  the  highest  amplitude  at  points.  1  and 
2.  Tn  photo  II  i  several  pul s'es-..are  described,  which  are  presented 
at  1  to  2  minute  interval s. to  the1  same  portion  of  the  transformer 
oil.  A  very  large  amount  of  tiny  dots  representing:  very  accurate, 
short-time  decreases  in-  voltage  (see  arrows)  may  be  seen  at  the 
ridge  of  the  pulses.  In  certain  cases  the  interval,  between  these 
depressions  is  equal’  to  fractions  of  a  microsecond  at  most.  One 
can  assume  that  such  small  oscillations  of  voltage  have  been  caused 
by  electron  avalanches"  formed  under  impact  ionisation.  Their 
duration  was  about  10  seconds^- 

Oscillogram  IV  in  'Fig.  96'  wjTs  recorded  for  a  limiting  resis¬ 
tance  of  5  millon  ohms:.  the  voltage^of  pulses;  was  gradually 
increased  to  breakdown- *wK"iTch  occurred-  at  E  equal’  to  0.7  mv/cm; 
and  for  smaller  voltage  numerous  partial  breakdowns  1,2,  ...5 
were  observed  even* -during  the  period  of  maximum  -amp.li-it’de  during 
the  time  prior  to  breakdown  cannot  be  recorded  very  easily,  by 
means  of  an  oscillograph.  Weak  and  acute  voltage  drops  arc  hardly 
legible  for  considerable  density  of  blackness  on  a  photographic 
plate,  and  ddep  cut's  rarely  appear. 

There  is  information  [237]  about  possibilities  of  the  forma¬ 
tion  of  weak  electron  avalanches  in  carbon  tetrachloride  ,  mineral 
oil,  and  some  other  liquids  also  under  small  alternating-field 
voltages  (several  tens  of  kilovolts  per  centimeter). 

Luminescence  is  observed  in  transformer  oil  at  places  with 
large  potentials  [37].  According  to  data  of  [238]  it  is  induced 
by  the  fluorescence  of  excited  molecules  of  aromatic  compounds, 
the  traces  of  which  always  appear  in  transformer  oils.  The  same 
luminescence  is  also  observed  in  n-hexane  containing  small  addi¬ 
tions  of  anthracene.  Very  pure  n-hexane  does  not  become  fiuoro- 
scent  even  for  E  equal  to  1.1  mv/cm. 
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After;  [ 37] ,  the  presence  of  f lucres  cenc'e. In  transformer  oil 
indicates  the  existence  of  electrons  with  energy*  6f\  several;  . 
electron  volts.  These  electrons  ;are  able  to  induced  dissociation 
of  complex  hydrocarbon  molecules  with  liberation  of  hydrogen;  or 
concentration  of  a  gaseous  medium;  in*  the  case  of  impact  'loydra-: 
tion  they  urual-iy  are  a  source  of  electron  avalanches  and  small 
streamers.  - 

Slightly  different  pre-breakdown  processes  were  fixed  during 
tests  wit  If  ‘distiTTe  d-  w  a,  terv.-^  -  Oscilio  g  r  a  mV  aye  c  or.ded-f  or~sy  stem:  a 
of  Fig.  95  are  presented  in;  F  ig^..  -97'.  The  p,eri;6ded  of  time-sinus¬ 
oidal  calibration  oscillations*  on  the  abscissa  axis  of  photograph 
IV  is  equal  to  5*10  seconds.  The  oscillograms  are  explained 
in  Table  41. 


Fig.  97.  Oscillograms  of  voltage  changes  during  the  pre-break¬ 
down  time  and  at  the  time  of  breakdown  for  distilled  water. 

Two  lower  oscillograms  A  in  photograph  I,  Fig.  97,  were 
recorded  in  the  absence  of  my  breakdown.  The  length  of  the  pulse 
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Table  41 


Explanations  to  oscillograms  in  Fig.  97. 
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wave  can  be  determined  from  them-  C'3;4‘3  microseconds).  For  a  given 
capacitance  of  a  pulse  generator  it  has  been  determined  by  resis¬ 
tance  R  of  the  system  a  in  Fig.;  9S;..  Pulses  with  the  specified 
length  were  continuously  appl*i,edr  to-  a  tested  object.  With  in¬ 
creasing  voltage  higher  and  higher  current  flowed  through  a  tested 
section  B;  thus  ever  decreasing  resistance  Xj  of  distilled  water 
was  switched  on  in  parallel,  the  overall  resistance  was  decreasing 
and  the  wave-length  was  being,  shortened.  The  breakdown  itself 
formed  for  relatively  small  voltages. 

For  the  negative  edge,  electrons  and  negative  ions  moved 
toward  the  plane  during  the  breakdown  delay  time.  As  in  the  case 
of  gasses,  a  well-conducting  projection  formed  at  the  edge,  and 
high  potential  was  transferred  into  the  gap.  For  a  certain  vol¬ 
tage,  impact  ionization  strated  at  the  plane  and  breakdown  followed 

From  oscillograms  I  and  II  one  may  see  that  increasing  the 
pulse  amplitude  brings  about  only  a  small  decrease  of  delay  time, 
while  the  volue  of  Ubr>  for  which  the  "failure"  of  voltage  occurs, 
remains  almost  unchanged.  This  time  decreases  for  small  gap 
between  electrodes.  For  example,  the  delay  r  is  about  202  micro- 
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seconds  (oscillogram  II)  for  l.  equal  to  100  mm  and  Unequal  to  77 
kv,  whereas  it  is  about  423  microseconds  (oscillogram  I)  for  l 
equal;  to  150  mm  and  the  same  value  of  U.  ’  Such  a  greet  discre¬ 
pancy  can  be  explained 'iri;  terms  of  the  motion  of  negative  ions 
toward  the  plane.  The  mobility  of  the  ions  seems  to  depend  little 
or  not  at  all  on  the  field  strength. 

For  the  negative  edge  and,  plane.*  the  minimum  delay  time  o£- 
breakdown— (about  5  microseconds)  remains  constant  even  for  pulse 
1  voltages  exceedin'g  the-  smallest  breakdown  one  more  than  three 

times  (oscillogram  IV)  .  The  static  delays  time  vanishes  in 
' —  this  case,.  The  intensive,  process  of  teh  formation  of  .breakdown 
begins  immediately  after  the  voltage  has  reached  the  maximum  ’ 
value  or  even  a  while  before.  The  time  before  acute  drop  of 
voltage  can  be  called  active  delay. 

The  formation  of  a  we  11 -conducting  bridge  during  the  process 
of  breakdown  takes  place  in  a-  certain  sequence.  This  can  be 
judged  from  sections  a  -and  b  on  oscillograms  III  in  Fig.  97.  At 
the  beginning,  the  electrodes  are  apparently  connected  through  a 
low-power  streamer  with  a  small  diameter.  This  time  corresponds 
to  the  section  of  sharp  decrease  of  voltage  a.  Temperature  of  the 
!  discharge  channel  increases  very  much.  During  the  next  time  inter¬ 

cept  the  discharge  channel  expands  gradually  under  the  action  of 
impact  ionization,  thermal  ionizaiton,  and  photo-ionization.  The 
I  process  lasts  over  10  microseconds  (see  Oscillogram  III  in  Fig.  97). 

Additional  data  will  be  presented  in  the  next  section  for  this 

;  final  stage. 

z 

* 

I 

It  can  be  assumed  that  during  the  static  delay  time  quite 
’  intensive  impact  ionization  occurs,  at  least  in  some  liquids,  but 

free  electrons  are  captured  by  molecules,  and  while  forming  break¬ 
down  is  damaged  for  a  certain  time.  Tests  have  shown  that  basical!/ 
the  same  process  occurs  during  the  formation  of  breakdown  of  indi- 
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v4 dtia I  .  ceram-i-c  dielectrics  and  even  air  [239,  240,  24];]  . 

6-3.  Variati6ir-o£.  current  before  breakdown 
;and  the.  mechanism  of  breakdown 

On  the  basis  of  certain  test  data  on  the  function  i=f(U) 
one  could  have  assumed  that  with  voltage  increasing  up  to  the 
breakdown  value  the  current  flowing  through  a  tested  liquid  in¬ 
creases  smoothly  without  any  stepwise  changes  whatsoever.  With 
regard  to  thisj  a  characteristic  curve  is  the  volt-ampere  one 
for  pure  transformer  oil  [93]  .  It  was  recorded  for  l  equal  to 
1  mm  (Fig,  98),  For  E  about  0;i7  mv/cm,  breakdown  occurred  at 
the  point  indicated  by  the  dotted  curve.  Judging  by  the  course 
of  the  curve  one  can  get  the  impressi.on  that  the  breakdown  proved 
possible  for  a  certain  current  equal  to  about  4,10~6  A. 


Fig.  98.  Volt-ampere 
characteristic  of  trans¬ 
former  oil.  Breakdown 
at  point  1 . 

time  of  breakdown,  unless 


Acute  increase  of  current  before 
the  moment  of  breakdown  cannot  be 
observed  in  highly  purified  n-hexane, 
either  (Fig.  99).  The  distance  between 
thoroughly  machined  electrodes  was 
equal  to  some  10  micrometers  in  uni¬ 
form  field.  The  last  measurement  of 
current  was  possible  for  E  equal  to 
1.045  mv/cm.  Some  deceleration  in 
the  rate  of  the  growth  fo  current  was 
observed  for  the  field  strength 
exceeding  0.4  mv/cm.  The  occurrence 
of  impact  ionization  proved  possible 
only  for  E  greater  than  0.8  mv/cm  [147], 

Before  breakdown  current  was  about 
- 1  2 

7*10  A.  However,  current  is  greater 
by  several  orders  of  magnitude  at  the 
big  limiting  resistances  are  connected. 
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Then  the  question  arises  of  when  and  how  does  such  an  increase 
develop . 


Some  information  concerning  this  phenomenon  can  be  drawn 
out  from  oscillograms  of  current  I  and  voltage  U  in  Fig.  100. 
They  were  recorded  for  the  breakdown  of  a  well-purified  trans¬ 
former  ,oil.  A  50  mm  wide  gap  between  a  negative  edge  and  plane 
Was  broken  down.  The  period  of  time-calibrated,  sinusoidal  os¬ 
cillations  along  the  abscissa  axis  is  10  microseconds  [242]. 


Oscillograph  recording  of  current  I  was  carried  out  for 
voltage  U.  The  remaining  oscillograms  were  recorded  for  lower 
voltages.  The  static  breakdown  delay  time  (a)  was  reduced.  Any 
increase  of  current  was  not  observed  before  breakdown,  either. 
Imax  is  about  56A  in  oscillogram  1  at  the  time  of  breakdown. 

For  about  3  microseconds  current  was  increased  by  seven  orders  of 
magnitude  (see  Fig.  98).. 


Fig,  99.  Volt-ampere  charac¬ 
teristic  of  well-purified  n- 
hexane.  Breakdown  at  point  1 


Fig,  100,  Oscillograms  of  current 
and  voltage  during  breakdown  of 
wel 1 -puri f i ed  transformer  oil. 
Electrodes  are  sharp;  plane. 


Thus,  one  can  add  to  the  volt-ampere  curves  in  Figs.  98  and  99 
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the  remark  pointing  out  that  current  increases  stepwise  by  several 
orders  of  magnitude  during  a  very  short  period  of  time  during 
the  formation  of  breakdown  in  n-hexane  and  transformer  oil.  The 
intensity  of  the  process  of  impact  ionization  at  voltage  is 

high  enough  to  allow  the  capture  of  electrons  by  molecules  not 
to  be  noise  for  the  formation  of  a  we  1 1 -conduct ing  bridge. 

It  has  been  said  above  that  considerable  deceleration  in 
the  growth  rate  of  current  is  observed  in  n-hexane  for  E  greater 
than  0.4  mv/cin  (Fig.  99).  Even  greater  deceleration  was 
revealed  for  well-dried  and  filtered,  light  glycerine  in  both 
homogeneous  and  very  inhomogeneous  fields..  The  relationship 
I  =  f ( E )  was  determined  by  oscillograms  of  Fig.  101. 

The  experimenta’  procedure  is  shown  in  Fig.  102  along  with 
the  volt-ampere  curve  developed  according  to  oscillograms  I  in 
Fig.  101.  The  following  notation  has  been  user;  in  Fig.  102:  K- 
kenotron;  S-  measuring  vessel,  and  R-  current-measuring  resistor. 

Oscillograms  1  (Fig.  101)  were  recorded  during  the  break¬ 
down  of  the  gap  0.5  mm  wide  between  spheres,  oscillograms  II  - 
for  1  mm,  but  between  the  edge  and  the  plane.  Oscillograms  of 
voltage  U  were  recorded  without  breakdown,  but  their  maximum 
amplitude  was  very  close  to  the  breakdown  value.  The  periode  of 
t i me-ca 1 ibrated ,  sinusoidal  oscillations  on  the  abscissa  axis 
of  oscillograms  was  equal  to  44  microseconds. 

The  stepwise  leader  process  of  the  formation  of  breakdown 
in  oscillogram  1,  Fig.  1  (Fig.  101)  began  about  550  microseconds 
after  the  applied  pulse  U  had  reached  the  highest  amplitude;  the 
stepwise  character  is  not  pronounced  very  much,  hovever,  for  that 
slow  time  course.  Any  significant  increase  of  current  just  before 
breakdown  was  not  observed,  either.  This  is  clear  for  the  ampli- 
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Fig.  101.  Oscillograms  of  current  and  voltage  for  the  breakdown 

of.  1  i  ght  glycerine 


Fig.  102.  Volt-ampere  characteristic  of  light  glycerine  for  0.5 
mm  gap  between  steel  spheres  (a)  and  test  circuit  (b) . 
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tude  of  currents  n  for  both  spherical  electrodes  and  a  needle 
end  plane.  The  bjas  current  was  perceptibly  superimposed  on  conduc¬ 
tance  current  only  during  the  first  20  microseconds.  It  is  accounted 
for  in  an  analytical  way  in  the  derivation  of  the  volt-ampere 
curve  in  Fig.  102. 

The  growth  of  pre-breakdown  current  in  glycerine  lasted  up 
to  E  about  I'OO  kv/cm.  The  saturation  range  occurs  further  and 
its  setpwise  growth  takes  place  already  in  the  formation  of 
breakdown.  Intensive  impact  ionization  started  only  for  voltages 
close  to  the  breakdown  ones.  For  smaller  voltages,  it  was  either 
slight  for  considerable  capture  of  electrons  by  glycerine  mole¬ 
cules,  or  absent. 

From  oscillograms  in  Fig.  101  one  can  see  that  high-frequency 
oscillations  arise  after  breakdown,  during  sparking  in  glycerine. 
Their  occurrence  can  be  assigned  to  perturbations  of  equilibrium 
state  in  the  well-conducting  discharge' duct .  If  for  any  reason, 
e.g.  as  a  result  of  recombination,  the  current  intensity  diminished 
in  the  spark  pattern,  the  difference  of  potentials  on  resistor  R 
decreased,  and  that  at  capacitor  C  increased.  Since  the  occurrence 
of  impact  ionization  in  the  spark  duct  the  current  increased,  then 
the  voltage  drop  at  R  increased,  etc.  Apparently  for  this  reason 
the  process,  of  the  formation  of  breakdown  has  been  a  stepwise- 
leader  one. 

The  increase  of  current  was  not  observed  before- the  breakdown 
in  relatively  small  gaps  in  distilled  water  in  a  homogeneous 
as  well  as  in  a  very  inhomogeneous  electric  field.  This  can  be 
inferred  from  oscillograms  I  and  II  of  Fig.  103,  recorded  in  the 
system  shown  in  Fig.  102.  The  current  flowing  during  the  delay 
time  of  breakdown  is  denoted  by  ^  in  those  oscillograms,  while 
that  for  voltages  little  smaller  than  are  1^. 
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The  remaining  oscillograms  (III  to  VI)  were  found  for  the 
breakdown  over  longer  spark  gaps  in  distilled  water,  according 
to  system's  in  Fig.  95.  A  steel  edge  and  a  plane  were  used  as 
electrodes.  Some  explanation  to  the  osci 1 lograms ' is  given  in 
Table  42. 


Fig.  103.  Oscillograms  of  breakdown  in  distilled  water,  Period 
of  time-calibrated  sinusoidal  oscillations  along  the  abscissa  axis 
of  oscillograms  is  equal  to  2  microseconds  for  1  to  III,  10  micro¬ 
seconds  for  IV  and  V,  and  44  microseconds  for  IV  --  A  note:  Oscil¬ 
logram  II  is  voltage-calibrated  like  oscillogram  I. 


During  recording  oscillograms  I  and  II  the  discharge  current 
was  limited  by  means  of  resistance  R  equal  to  120,000  ohms  at 
the  earth  side.  Voltage  was  recorded  without  disconnecting  this 
resistance.  Therefore,  the  amplitude  of  pulse  did  not  reach 
zero  during  breakdown.  The  stepwise  character  of  the  growth  of 
current  can  be  acutely  watched  at  by  che  presented  oscillograms. 
Several  oscillograms  of  current.  I  and  one  for  voltage  U  are  presen¬ 
ted  in  Fig.  1  (Fig.  103).  the  form  of  current  steps  hardly  coin¬ 
cides.  with  the,  corresponding  voltage  steps,  since  recording  was 
carried  out  twice:  first  the.  voltage  was  recorded,  and  then  the 
current.,  during  repeated  breakdown  .. 

Currents  in  patterns  III  and  IV  (Fig.  103)  were  recorded 
with  limiting  resistance  r  equal  to  16  kilohms  used  at  the  earth 
side.  It  is  not  shown  in  the  system  2,  Fig.,  95,  For  this  r 
discharge  currents  have  exceeded  conductance  currents  without 
breakdown  by  a  factor  of  about  3, 

After  applying  voltage  of  about  123  kv  to  a  positive  edge 
and  an  earthed  plane  (for  l  equal  -to  200  mm)  slow  growth  of 
current  1  began  at  the  edge  8  microseconds  after  impact  ioniza¬ 
tion  (Fig.  III).  However,  free  electrons  were  being  captured 
by  water  molecules-  apparently  even  prior  to  reaching  the  edge. 

A  narrow,  well-conducting  projection  was  not  formed  at  the  edge, 
and  further  increase  of  current  stopped  after  some  10  micro- 
seoends . 

In  order  to  bring  about  the  progressive  development  of  breakdown 
the  distance  between  electrodes  was  decreased  to  170  mm.  The  most 
successful  records  of  current  at  the  time  of  breakdown  were  possible 
for  120  kv  (oscillogram  Ij  in  Fig.  IV)  and  108  kv  (oscillogram  I2 
in  Fig.  IV).  the  170-mm  gap  was  broken  down  only  after  a  triple 
supply  of  pulses  with  maximum  amplitude  108  kv.  Only  conductance 
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currents  Iq  were  recorded.  Oscillograms  IV  allow  watching  at  the 
laws  of  the  progressive  development  of  the  stepwise  -  leader  break¬ 
down  . 


The  time  intercept  before  the  acute  growth  of  current  in 
stepwise  leaders  B  in  Table  42  is  conventionally  denoted  as  the 
breakdown  delay  time.  But  from  oscillograms  IV  one  can  well  see 
that  small  streamers  A  increased  and  were  damped  during  that  time 
(70  to  125  microseconds)  without  completely  bridging  the  electrodes. 
The  current  of  each  consecutive  streamer  of  leader  was  a  little 
higher  than  that  of  the  preceding  one.  Such  leaders  were  formed 
in  large  amounts.  After  125  microseconds  (oscillogram  Ij)  or  70 
microseconds  (oscillogram  1 2)  leader  currents  increased  suddenly 
and  very  acutely  (see  B) .  Electrodes  were,  undoubtedly  bridged. 
After  damping  of  every  low-power  streamer  (A)  many  charged  particles 
remained  in  the  discharge  track,  and  conditions  for  the  development 
of  a  new,  more  powerful  leader  were  finally  created. 

After  bridging  electrodes  the  development  of  breakdown  was 
not  finished  yet,  by  any  means,  since  no  reverse  discharge  with 
a  well  conducting  duct  appeared  for  a  long  time.  As  before, 
cross  leaders,  following  each  other,  were  damped,  although  not 
completely.  However,  the  current  of  every  next  leader  was  also 
greater  than  the  preceding  one.  It  was  not  until  they  reached  a 
signigicant  amount  that  conditions  finally  arise  for  prolonged 
sparking . 

Thus,  one  can  take  for  granted  that  prolonged  sparking  or 
the  formation  of  a  well  conducting  bridge  between  electrodes 
can  start  only  when  the  leader  current  exceeds  a  certain  critical 
value.  The  temperature  of  spark  increases  in  this  case  highly 
enough  to  facilitate  the  mechanism  of  impact  ionization,  thermal 
ionization,  and  photo- ioni zation  to  start  generating  more  charged 
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particles  as  compared  against  amounts  decayed  during  deionization, 
i.e.  dur:ng  recombination,  lateral  diffusion  and  electrode  deposi¬ 
tion. 


After  a  certain  time  the  current  flowing  through  spark  decreases 
as  a  result  of  smaller  pulse  amplitude  and  greater  resistance  of 
the  discharge  track.  New  damping  of  discharge  starts  again  (see  -D- 
in  Fig.  IV).  For  170-mm  long  spark,  current  of  ’  to  2.S  A  proves 
insufficient  to  continue  discharge  without  breaks. 

How  does  breakdown  develop  -w-i-thout  limitations  put  oh  dis¬ 
charge  current,  and  is  it  to  be  a  stepwise-leader  process?  Oscil¬ 
lograms  of  current  I  and  voltage  U  in  diagram  V,  Fig.  103  were 
recorded  for  a  very  small  limiting  resistance.  (16.6  ohms).  The 
process  of  current  growth  up  to  106  A  t&rned  out  to  be  mono-avalanche, 
but  without  the  drastic  character  that  has  been  sc  typical  of  small 
spark  gaps  and  stepwise  leaders.  From  this  it  follows  that  at 
the  beginning  of  the  formation  of  breakdown  electrodes  were  shorted- 
out  through  small-power  streamer  or  leader,  but  the  oroginal  cur¬ 
rent  was  big  enough  to  develop  discharge  by  the  mechanism  of 
impact  ionization,  thermal  ionization,  and  photo-ionization  all 
discussed  above.  Breakdown  was  formed  for  about  5  microseconds. 

Almost  the  same  has  been  fixed  for  the  negative  edge  (oscillogram 
IV)  and  uniform  electric  fiel.d, 

A  peculiar  effect  of  polarity  occurs  when  wide  gaps  are 
broken  down  in  distilled  water.  A  higher  voltage  should  be  applied 
to  the  negative  edge  than  to  the  positive. one  to  break  a  gap  with 
a  width  l,  but  the  breakdown  is  formed  for  lower  U.  The  delay 
times  are  much  larger,  however,  in  the  case  of  the  negative  edge. 

In  oscillogram  VI  Fig.  103  one  can  watch  at  the  variation  of 
current  during  the  pre-breakdown  period  at  the  negative  edge.  A 
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slow  current  increas  is  observed  during  the  first  120  microsecond 
after  voltage  has  been  applied.  It  is-  well  marked  only  after  the 
specified  time.  Based  on  this  loscillogram  in  Fig.  104, ^curves 
have  been  constructed  for  the  variation  of  voltage  (lj  and  current 
(2)  with  time,  the  general  picture  turns  out  to  be  a  little  unu¬ 
sual.  Ever-increasing  current  corresponds  to  steeply-decreasing 
voltage  of  the  applied  impulse.  This  relationship  I-f(U)  can  be 
explained  in  terms  of  the  formation  of  a  powerful  negative  charge 
in  water  due  to  the  capture  of  electrons  arising  during  impact 
ionization  and  cold  emission  from  -the  cathode.-  Nothing  like  this 
is  observed  for  the  breakdown  of  gaseous  gaps. 

Repeated  damping  of  complete  breakdown  after  its  formation 
has  also  been  observed  in  tests  with  other  strongly-polarized 
liquids  [243].  Oscillograms  I  and  II,  Fig.  105  were  recorded 
for  breakdown  in-  distilled,  dried-out,  and  filtered  acetone. 
Discharge  current  was  limited  to  1.2  Amps.  The  distance  between 
a  negative  steel  edge  and  a  brass  plane  during  recording  oscillo¬ 
gram  I  was  iqual  to  3  mm.  Oscillogram  II  was  recorded  for  the 
positive  edge  and  a  plane  at  the  distance  of  3.5  mm.  Undistorted 
amplitudes  of  the  voltage  of  the  pulse  applied  are  shown  by  the 
broken  line.  The  time  before  point  a  can  be  regarded  as  a  static 
delay,  and  the  further  time  until  the  steep  decrease  of  voltage 
as  an  active  delay.  During  the  same  time  conditions  are  also 
created  for  the  breakdown  of  polar  liquid  under  relatively  small  U. 


Fig.  104.  Current  and  voltage 
before  and  during  breakdown  of 
distilled  water  for  the  negative 
edge  and  plane;  1-  voltage;  2- 
current . 
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Fig.  105.  Oscillograms  of 
voltage  for  breakdowns  in 
acetone  (I  and  II)  and  ethyl 
alcohol  (III). 


At  the  first  breakdown  (oscillogram  I)  voltage  decreased 
almost  to  nil,  but  the  leader  current  was  insufficient  to  continue 
discharge.  After  damping  the  initial  leader,  breakdowns  were 
formed  several  times  more  and  also  were  damped  several  times.  The 
series-intermittent  form  of  breakdown  A  (oscillogram  II  in  Fig. 

105)  was  recorded  for  the  positive  edge  and  a  plane.  After  each 
of  five  consecutive  breakdowns,  the  dielectric  strength  of  the 
gap  was  restored  almost  completely,  but  after  those  five  a  sub¬ 
sequent  large  number  (a  series)  of  breakdowns  was  recorded  for  much 
smaller  voltages . 

Oscillograms  III  in  Fig.  105  were  recorded  for  ethyl  alcohol 
breakdowns.  For  the  actual  limitation . of  discharge  current,,  gaps 
with  various  lengths  were  broken  down  between  the  negative  edge 
and  a  plane.  The  left-hand  (lower)  oscillogram  describes  the 
breakdown  of  1.5  mm  gap;  the  contral,  2.25  mm;  and  the  right-hand, 
2.75  mm  long  gap.  The  same  irregular  state  has  characterized 
the  formation  of  breakdown.  To  eliminate  this  irregularity,  dis¬ 
charge  current  should  be  increased  a  little. 
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It  can  he  assumed  that  active  radicals  are  formed  at  a  cer¬ 
tain  distance,  from  a  well  conducting  plasma  bridge  under  the 
action  of  ultraviolet  radiation  of  a  spark  and  temperature  [224 
and  245],  In  acetone,  for  example,  this  process  follows  the 
equation 

(CH3)2CO  CH3  -  CH3  +  CH, 
while  that  in  ethyl  alcohol  corresponds  to 

c2»soh  ->  ch2  -  ch2  +  h2o. 

Apart  from  recombination  of  charged  particles  and  their  elec¬ 
trode  accumulation,  deionization  of  spark  track  could  have  also 
been  carried  out  due  to  combinations  of  the  specified  radicals 
and  ionized  molecules.  It  also  seems  possible  that  new  compounds 
with  different  physico-chemical  properties  are  formed. 

On  the  basis  fo  the  foregoing  material  one  can  take  for 
granted  taht  limitation  of  discharge  current  is  of  principal 
importance  for  the  mechanism  cf  the  development  of  breakdown. 

This  limitation  can  impart  the  stepwise-leader  character  to  break¬ 
down,  which  is  not  obligatory  for  the  unrestricted  case.  For 
breakdown  of  fairly  long  gaps  between  an  edge  and  a  plane  in 
transformer  oil,  it  was  exposed  that,  still  for  limitation  of 
discharge  current  by  means  of  insulating  barriers,  the  leader 
process  looks  like  miniature  lightning  discharge  [103  and  106], 

In  the  case  of  two  edges,  discharge  starts  from  both  edges 
almost  simultaneously .  The  leaders  meet  in  the  interelectrode  gap, 
like  in  the  case  of  lightning  discharges,  a  leader  is  replaced  by 
reverse  discharge,  whose  existence  can  be  guessed  by  bright 
spark  flashes. 

Data  concerning  the  changes  of  1 imi nescence  brightness  during 
the  formation  of  reverse  discharge  and  luminescence  in  branch  nodes 
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of  long  lightning  sparks  are  presented  in  work  [247]. 


CHAPTER  SEVEN 

SOME  PROCESSES  CONNECTED  WITH  THE  BREAKDOWN  OF  LIQUIDS 
7-1.  The  Length  of  the  Breakdown  Process 

From  the  curves  presented  in  Figures  41  and  43  it  was 
evident  that  the  E^  of  liquid  hydrocarbons  increases  when 
short  rectangular  pulses  affect  the  spark  gaps  several  tens 
of  microns  in  length.  It  is  obvious  that  the  statistical  delay 
and  formation  of  breakdown  at  a  given  E^r  took  a  quite  definite 
time.  Some  data  concerning  this  delay  were  presented  in  section 
6-2. 


Experiments  with  N-hexane  showed  that  with  a  length  of  the 

_  7. 

spark  gap  L  »  S  x  10  cm  the  time  of  statistical  delay  weakly 
depends  on  the  voltage  of  the  applied  field  in  a  range  of  from 
1.7  to  1.9  millivolts/cm.  With.  E  £  1.7,  1.8,  and  1.9  millivolts/ 
cm  it  proved  to  be  equal  to  from  0.3  to  0.7,  from  0.3  to  2.0, 
and  from  0.3  to  0.5  microseconds  respectively.  Apparently,  for 
the  indicated  gap  the  minimum  time  of  delay  is  approximately  equal 
to  0.4  microseconds  (L.233  and  234).  It  is  comparatively  small 
during  rough  preparation  of  the  ball  cathode  made  of  stainless 
steel  even  with  a  field  intensity  of  1.4  millivolts/cm  (from 
0.3  to  2.3  microseconds).  Polishing  of  the  cathode  while  the 
other  conditions  remain  unchanged  increases  this  time. 

The  following  conclusion  results  from  what  has  been  set  forth: 
an  increase  of  the  E^r  of  liquid  hydrocarbons  is  basically  caused 
by  the  fact  that  the  length  of  the  rectangular  pulses  was  commen¬ 
surate  with  or  even  less  than  the  time  of  statistical  delay. 

But  what  is  the  case  with  longer  gaps?  As  of  yet  this  question 
has  not  been  studied  in  detail,  but,  for  example,  according  to 
the  oscillagrams  of  IV  of  Figure  97,  it  is  possible  to  conclude 
that,  with  L  *  150  mm  and  with  electrodes  made  with  a  point 
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and  a  plane,  the  minimum  time  of  delay  of  the  breakdown  of 
distilled  water  is  equal  to  around  5  microseconds. 

As  of  yet  it  is  impossible  to  say  anything  about  those 
values  of  E  at  which  it  will  decrease,  but,  if  this  did  not 
happen,  then  it  would  be  possible  only  with  very  large  values 
of  E  to  breach  the  indicated  gap.  The  formation  mechanism  of 
the  breakdown  would  then  be  quite  different. 

What  time  does  the  formation  of  the  breakdown  itself  take, 
and  on  what  does  it  depend?  In  the  literature  there  are  indi¬ 
cations  that  the  progressive  development  of  the  breakdown  which 
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has  begun  can  end  even  in  a  time  of  10  seconds  (L.  111). 
According  to  other  data,  this  time  is  several  orders  larger 
both  for  liquid  and  for  solid  dielectrics  (L.248).  For 
example,  in  (L.65,  249-25'2)  hypotheses  were  expressed  concerning 
the  probable  length  of  the  breakdown  of  from  10"°  to  10”° 
seconds.  In  some  cases  in  order  to  be  persuasive  they  refer  to 
the  formation  of  breakdown  of  gas  gaps,  paying  no  attention  to 
the  special  properties  of  the  state  of  aggregation,  the  length 
of  the  spark  gap,  and  so  forth. 

The  length  of  the  breakdown  process  in  transformer  and  castor 
oils  was  determined  according  to  the  plan  in  Figure  106  (L.252). 

-9 

High-frequency  oscillations  with  a  period  Tj  «  9  x  10  seconds 
were  superimposed  on  the  time  base  A  of  a  high-voltage  cathode 
oscillograph  KO.  It  is  known  that  the  deflecting  plates  of  the 
cathode  oscillograph  A  and  B  are  situated  perpendicular  to  each 
other,  and  the  form  of  the  pulse  wave  during  normal  operation 
is  recorded  as  it  is  presented  in  B  and  o  of  Figure  106.  Gradua¬ 
tion  by  time  y  is  usually  applied  from  an  outside  high-frequency 
generator.  In  Figure  106,  the  same  form  of  the  pulse  wave  is 
shown  in  e  as  in  a,  only  with  the  imposition  of  high-frequency 
oscillations  on  the  voltage  of  the  time  plates  of  A.  The  period' 
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can  be  determined  according  to  the 
of  the  breakdown  according  to  t2* 


•Vo 


Fig.  106.  A  plan  for  recording 
the  length  of  the  breakdown 
process  of  liquid  dielectrics 
by  a  cathode  oscillograph. 


time  t ^  *  and  the  length 

Transformer  and  cas¬ 
tor  oils  were  studied  in 
the  experiments,  as  well 
as  distilled  water.  The 
recorded  oscillograms  of 
breakdown  are  presented  in 
Figure  107.  Some  explana¬ 
tions  of  them  are  given  in 
Table  43. 

The  oscillogram  A  in  Figure 
107,  I  was  recorded  during 
the  first  breakdown, , and  B 
during  the  second  breakdown 
of  one  and  the  same  portion 
of  transformer  oil.  The 
electron  beam  of  the  cathode 
oscillograph  was  not  focused 
sufficiently  well,  and  for 
this  reason  it  was  difficult 
to  observe  the  appearance  of 
of  statiscal  delay,  but  traces 
the  pulse  of  oscillogram  II. 


low-power  streamers  during  the  time 
of  them  are  visible  on  the  crest  of 


The  2.5  cm  gap  between  electrodes  in  distilled  water  was 
breached  during  a  field  intensity  that  was  greater  than  the 
lowest  Ebl>.  When  recording  the  breakdown  oc cured  at  a 
greater  delay.  It  is  not  visible  on  photograph  III  (behind 
the  screen). 


In  Figure  107,  IV  two  different  oscillograms  have  been 


taken  down:  a2,  during  the  breakdown  of  transformer  oil; 
and  b2,  during  spark  over  along  the  surface  of  the  insulator 
(see  Table  43).  The  period  of  the  sinusoidal  oscillations 
graduated  by  time  on  the  axes  of  the  abcissas  of  all  oscillo- 
grams  is  equal  to  5  x  10  seconds. 


Table  43.  Explanations  of  the  Oscillograms  in  Fig.  107. 


Oscillo¬ 

gram 

Liquids 

Form  of 
Electrodes 

Distance 

between 

electrodes 

iron 

Break¬ 

down 

voltage 

kV 

Decay  of 
break¬ 
down 
usee 

I 

transformer  oil 

negative 

80 

159&178 

47  &  42 

II 

castor  oil 

positive  edge 
and  plane 

120 

183 

3 

III 

distilled  water 

spheres  d  * 

*  62.5  mm 

25 

170 

21 

IV  a 

transformer  oil 

positive  edge 
and  plane 

60 

200 

15 

IV  b 

bracket  insulator 

bushings  of 

250 

221 

8 

of  porcelain  with  bracket 
metallic  bushings  insulator 


Fig.  107.  Oscillograms  of  the  Breakdown  and  Sparkover  of  Various  Dielectrics. 
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In  experiments  with  transformer. oil  the  influence 
of  the  form  of  the  electrodes,  distance  between  them, 
and  the  size  of  the  voltage  with  a  constant  l  on  the 
length  of  the  breakdown  was  studied.  Curves  of  the  voltage 
reduction  during  the  formation  of  the  breakdown  of  transfor¬ 
mer  oil  were  constructed  according  to  the  oscillograms  which 
were  recorded  (Fig.  108).  This  lowering  in  percentages  has 
been  plotted  along  the  axis  of  the  ordinate.  That  pulse 
amplitude  at  which  a  noticeable  reduction  of  voltage  occured 
that  is,  at  which  formation  of  breakdown  began,  was  taken 
as  100  percent.  This  point  on‘  one  of  the  oscillograms  of 
Figure  107,  is  designated  by  the  letter  a.  Curve  1  in  Figure 
108  was  constructed  according  to  the  data  of  the  indicated 
oscillogram. 


Fig.  108.  The  curves  of  voltage  reduction  during  the  forma¬ 
tion  of  the  breakdown  of  well-cleaned  transformer  oil. 

The  remaining  oscillograms,  according  to  which  curves 
2  through  6  were  constructed,  are  not  presented  here.  Even 
the  time  of  the  beginning  of  the  discharge  was  reckoned  from 
point  a.  The  numerical  data  for  Figure  108  are  presented  in 
Table  44.  Identical  gaps  of  l  =  S  and  50  millimeters  were 
breached  with  different  U^. 

From  Figure  108  and  Table  44  it  follows  that  the  length 
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of  the  discharge  is  shortened  with  a  decrease  of  l  (see 
curves  1  and  2) ;  the  same  occurs  even  in  the  case  of  increasing 
the  voltage  while  l  remains  constant  (see  Curves  .2  and  3, 
as  well  as  5  and  6).  With  breakdowns  of  comparatively  long 
spark  gaps  between  point  and  plane  in  a  time  of  2  x  10 
seconds  the  voltage  is  decreased  by  from  70  to  80  percent. 

After  this,  the  speed  of  reduction  sharply  decreases. 

The  curves  of  Figure  109  were  constructed  according  to 
the  oscillograms  of  II  through  IV  of  Figure  107.  The  smalllest 
length  was  fixed  during  the  breakdown  of  distilled  water  (a 
gap  of  2.5  cm).  During  the  breakdown  of  castor  oil  and  the 
spark  over  along  the  surface  of  the  insulator,  the  process 
takes  place  with  delay  at  the  first  moment.  This  delay  is 
stretched  to  approximately  1.5  microseconds  during  the  spark 
over  of  the  insulator. 

The  mechanisms  of  voltage  reduction  during  the  breakdown 
of  transformer  oil  arid  air  are  different  for  a  positive  point 
and  plane.  This  reduction  also  occurs  with  some  delay  in 
the  beginning  of  the  formation  of  the  breakdown  of  the  air 
interval  (L.253);  such  a  delay  is  not  observed  in  the  case  of 
the  case  of  the  transformer  oil. 

The  formation  of  low-power  streamers  is  possible  in  the 
pre-disruption  time;  without  limiting  the  discharge  current, 
they  cause  barely  noticeable  voltage  reductions  (see  section 
6-2).  Such  a  streamer  can  even  short-circuit  the  electrodes, 
but,  if  it  is  quickly  suppressed,  then  it  is  possible  not  to 
notice  the  actually  occurring  breakdown  without  oscillograph 
recording.  In  this  case  it  is  possible  not  to  hear  the 
shattering  sound  which  usually  accompanies  the  breakdown. 

From  oscillogram  IV  of  Figure  103.it  was  apparent  that 
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Fig.  109.  Curves  of  the 
voltage  reduction  during 
the  formation  of  the 
breakdowns  of  liquids 
and  the  spark  over  along 
the  surface  of  the  porce¬ 
lain  insulator. 

1- castor  oil  (oscillo¬ 
gram  II  of  Fig.  107); 

2- distilled  water  (os¬ 
cillogram  III  of  Fig. 
107);  3-transformer  oil 
(oscillogram  a2  of  IV  of- 
Fig,  107);  4-during  the 
formation  of  the  spark 
over  along  a  bracket 
insulator  made  of  porce¬ 
lain 


that  the  individual  leaders 
in  the  water  which  short 
circuit  the  gap  l;  *  17  cm 
between  the  positive  point 
and  plane  are  formed  very 
quickly.  The  speed  of  the 
positive  leaders  in  water 
is  equal  approximately 
1.6  x  10^  cm/sec  (L.104), 
while  in  the  transformer 
oil  for  gaps  of  from  30 
to  50  cm  it  is  equal  to 
from  1  to  5.3  x  10  cm/sec 
(L.254).  Negative  leaders 
in  the  same  transformer  oil 
spread  with  a  somewhat  lower 
speed  (from  3.3  to  8.3  x  10^ 
cm/sec) . 

At  such  speeds  there  may 

really  be  required  approximately 
-9 

10  seconds  for  the  short 


Table  44.  Explanation  of  Fig.  108. 


No.  of 
curves 

Shape  of  electrodes 

Distance  between 
.  electrodes ,  mm 

Breakdown 
voltage ,kV 

Time  of 
statistical 
lag  of 
breakdown, 
ysec 

1 

Negative  edge  and  plane 

80.0 

178 

47.0 

2 

Same 

50.0 

132 

28.0 

3 

Same 

50.0 

169 

15.0 

4 

Same 

30.0 

200 

1.5 

5 

Spheres  d  -  62.5  mm 

5.0 

184 

5.0 

6 

Same 

5.0 

208 

1.5 
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circuiting  by  the  positive  leader  of  a  gap  of,  for  example, 

0.01  cm.  In  the  case  of  turning  on  very  limiting  resistors 
during  the  breakdown,  the  capacitance  of  the  electrodes  does 
not  have  time  to  recharge,  even  if  a  comparatively  low-power 
leader  is  formed.  The  voltage  on  the  electrodes  will  then 
drop  sharply,  that  is,  a  breakdown  will  occur.  And  such 
leaders  are  formed  very  quickly  (see  oscillogram  IV  of  Fig. 

103) i'  but,  without  limiting  resistors,  such  a  leader  causes 
a  barely  noticeable  voltage  reduction.  But  the  breakdown 
occurs  only  after  the  formation  of  a  good  conducting  bridge, 
and  for  this  reason  a  considerable  time  is  required;  Accor¬ 
ding  to  oscillogram  V  of  fig.  103,  approximately  5  microseconds 
was  required  to  complete  the  breakdown  of  the  gap  with  l  *  17  cm. 
Moreover,  at  a  given  l  this  time  depends  on  the  size  of  the 
excess  voltage  on  the  spark  gap  (see  Fig.  108),  as  well  as  on 
the  chemical  composition  and  structure  of  the  liquid  dielectric. 

Thus,  much  depends  on  the  conditions  of  the  experiment. 

Those  reseachers  who  stated  that  the  length  of  the  breakdown 
-8 

is  equal  to  10  seconds  or  even  less  might  not  have  made  a 
mistake.  In  exactly  the  same  way  there  are  no  grounds  to 
suspect  error  on  the  part  of  those  who  indicated  a  time  of 
10”6  seconds. 

One  must  pay  attention  to  the  features  of  the  structure 
of  the  liquids  in  connection  with  the  capture  of  free  electrons. 
The  existence  of  a  small  group  molecules  with  a  relatively  high 
degree  of  ordering  has  already  been  mentioned  (see  section  1-2). 
Such  groups  evidently  consist  of  several  tens  of  molecules  (L. 
255). 

It  is  known  from  wave  mechanics  that  at  each  defect  of 
a  regular  lattice,  even  including  the  vicinity  near  the  surface 
of  the  crystal,  the  moduli  of  the  wave  functions  have  clearly 
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expressed  maxima  (L.256  and  2S7).  This  must  indicate  that 
the  limiting  surfaces  of  the  crystals  may  be  carriers  of 
the  mass  centers  of  electron  capture.  Evidently,  these 
ideas  can  even  be  transferred  to  crystal-like  groups  of 
liquids  (L.89).  If  this  is  so,  then  even  the  structure 
of  crystal-like  groups  of  liquid  dielectrics  must  exert  a 
noticeable  influence  on  the  length  of  the  breakdown. 

According  to  the  curves  of  Fig.  108,  even  the  currents 
which  flow  through  the  discharge  channel  during  breakdown 
can  be  determined  depending  on  the  time.  The  methodology 
of  the  approximate  calculation  of  the  currents  for  solid 
and  gaseous  dielectrics  was  presented  in  (L.239  and  258). 

It  can  evidently  be  used  even  for  liquids. 

7-2.  Post-breakdown  Processes 

Usually,  during  breakdown  of  dielectrics  without  limita¬ 
tion  of  the  discharge,  a  good  conducting  bridge  between  the 
electrons  is  formed  and  the  voltage  sharply  drops,  almost  to 
zero.  No  matter  what  the  chemical  composition  of  the  liquid, 
one  and  the  same  effect  is  obtained.  But  the  experiments 
showed  that,  if  it  is  necessary  to  limit  the  discharge  cur¬ 
rent,  the  voltage  change  during  the  burning  of  the  spark  after 
the  initial  breakdown  will  be  determined  by  the  specific  features 
of  the  liquid  dielectric. 

Such  experiments  were  carried  out  according  to  the  plan 
of  Figure  95b  (L.259  and  260).  The  liquids  were  cleaned  by 
chemical  means,  distilled,  dried,  and  filtered.  At  a  tempera¬ 
ture  of  around  20  C  one  and  the  same  gap  (0.2  mm)  between 
polished  balls  11  mm  in  diameter  made  of  stainless  steel  was 
always  breached.  The  breakdown  of  one  and  the  same  liquid 
was  produced  with  different  limiting  resistances  RQ  (see  Fig. 

95)  ranging  from  zero  to  several  mpg  ohms.  The  resistance  RQ 
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plus  R  was  equal  to  8  x  1(T  ohms.  At  the  given  RQ  one  portion 
of  the  liquid  with  a  capacity  of  approximately  0.3  liters  was 
breached. 

After  changing  the  sample  the  electrodes  were  carefully 
polished,  washed,  and  dried  at  a  temperature  of  200  C  under 
a  vacuum.  Recording  of.  the  charges  was  produced  by  a  cathode 
oscillograph.  Besides  the  recording  of  the  voltages  during 
the  burning  of  the  spark,  in  some  cases  even  the  currents 
flowing  through  the  discharge  channel  were  recorded.  Non-polar, 
weakly  polar,  and  strongly  polar  liquids  were  studied. 

Table  45.  Explanation -of  Oscillogram  in  Figure  110. 


r 


lg 

* 

a>l 

•a  a 

■M  V)  B 

IF: 

V  * 

•°.s 

3  % 

Time  (t)  of  voltage  peaks 
(ysec)  andtheiramplitudes 
U  (kV) 

■  Curent 
a 

1st  peak 

|  2nd  ,  peak 

3rd  peak 

'  t  ; 

-V 

1 

,  t  ; 

U 

U 

/ 

0 

16.0 

250 

8.8 

770 

0.7 

»,23 

// 

10* 

16.5 

230 

M 

430 

3.5 

657 

3,8 

0,144 

III 

5*  10* 

15,3 

230 

3,8 

400. 

4.2 

555 

3,4 

2,910-* 

IV 

10* 

14.4 

220 

4.3 

360 

3.8 

508 

3.6 

1,3510-* 

V 

2-10* 

15,0 

200 

3.0 

304 

2,9 

355 

2,4 

7.ier* 

VI 

3-10* 

10,8 

170 

2.0 

290 

3,3 

450 

2.4 

3,45- 10-* 

Oscillograms  of  the  breakdown  of  xylene  are  presented 
in  Figure  110.  Technical  xylene  was  studied  without  isolation 
of  the  isomers.  Light  fractions  with  a  boiling  point  lower 
than  129  C  were  removed  during  fractionation.  The  numerical 
material  relating  to  these  oscillograms  is  presented  in  Table  45 


It  is  evident  from  Oscillogram  I  that  within  approximately 
250  microseconds  there  arose  a  sharp  and  quite  intense  de-ioni- 
zation  of  the  discharge  channel.  The  voltage  on  the  spark  gap 


Fig.  110.  Oscillograms  of  the  breakdown  of  xylene  with  various 
limitations  of  the  discharge  current. 

during  this  increased  to  8.8  kv.  Further  growth  proves  to  be 
impossible  because  a  repeated  breakdown  was  formed.  Consequently, 
the  Egr  }Of  the  strongly  ionized  spark  gap  decreased  by  almost  two 
times.  The  reason  for  the  de-Yionization  of  the  discharge  channel 
might  have  been  the  ejection’  of  liquid  as  a  result  of  increasing 
the  pressure  in  the  gas  medium  during  the  burning  of  the  spark. 

It  may  be  assumed  that  ejections  of  this  type  occurred  only 
after  a  certain  length  of  time,  in  the  course  of  which  properties 
of  the  plastic  deformation  of  the  xylene  were  able  to  appear. 

There  is  no  doubt  that  after  de-ionization  in  the  discharge  cham- 
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ber  there  still  remained  many  free  electrons,  which  even 
faci Hated  the  formation  of  the  subsequent  breakdown  at  a 
voltage  that  was  almost  two  times  dower.  Another,  reason 
for  the  sharp  de-ionization  of  the  discharge  channel  might 
have  been  the  lowering  of  the  temperature  of  the  spark  to 
the  value  at  Which.,  after  disintegration  of  the  complex 
molecules  the  process,  of  association  began*  accompanied  by 
the  recombination  of  charged  particles  and  the  sharp  fall 
of  the  intensity  of  the  thermo-  and  photo -ibnization. 

Oscillogram  II  of  Figure  i;10  was  recorded  with- 'R 
equal  to  105  ohms.  In  comparison  with  the  preceeding  recording, 
the  discharged  current  decreased  by  several  times;  There  is 
no  doubt  that  the  temperature  of  the  spark  at  this  time  decreased, 
and  the  radius  of  the  channel  shortened..  Two  more  peaks  have 
been  fixed  on  this  oscillogram,  after  approximately  430  and 
667  microseconds.  If  the  abrupt  de-ionization  occurred  as  a 
result  of  the  ejection  of  the  liquid,  then  the  pressure  within 
the  discharge  channel  decreased  when  the  temperature  of  the 
spark  was  lowered,  and  the  ejection  turned  out  to  less  intensive. 
For  this  reason,  even  more  charged  particles  remained  in  the 
space,  and  a  repeated  breakdown  was  able  to  form  at  an  even 
lower  voltage  (6.4  kv). 

There  arises  the  question  of  why  three  voltage  peaks 
appeared  when  the  discharged  current  was  reduced,  that  is,  why 
did  a  triple  jump-shaped  de-ionization  of  the  discharge  channel 
take  place,  while  with  an  even  greater  limitation  of  such  cur¬ 
rents  there  appeared  an  already  complete  series  of  peaks  (oscil¬ 
lograms  III  through  6).  It  may  be  assumed  that  during  the  one 
charge  the  de-ionization  was  able  to  occur  both  from  the  ejec¬ 
tion  of  liquids  and  from  the  cooling  of  the  spark  channel.  In 
this  case,  when  the  discharged  current  is  large,  and,  consequent- 
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ly,  the  pressure  in  the  channel  is  great,  the  appearance  of 
the  ejection  of  liquid  is  probable..  But  with  small  currents 
the  jump-shaped  de-ionization  was  even  able  to  occur  as  a  result 
of.  the  cooling  of  the  channel  to  a  certain  critical  temperature 
T^.  According  to  the  oscillograms  of  the;  breakdown  of  certain 
other  insulating  liquids  it  was  possible  to  conclude  that  the 
reason  for  the  jump-shaped  de-ionization  must  be  looked  for 
mainly  in  the  abrupt  cooling  of  the  spark. 

From  all  the  oscillograms  of  Figure  110  it  is  evident  that 
a  series  of  discharges  at  small  amplitudes  is  observed  immediately 
after  the  initial  breakdown  and  the  many  subsequent  breakdowns. 
Attention  must  be  paid  to  the  fact  that  a  certain  amount  of 
electricity  Q  »  CUbr  was  stored  in  the  capacitants  of  the  inter¬ 
electrode  gap  and  feed  C  before  the  breakdown.  This  Q  was  dis¬ 
charged  across  the  spark  during  the  formation  of  the  breakdown. 
Additional  thermal  energy  was  released  from  the  flowing  of  the 
current  I  ■  dQ/dt  in  the  channel  of  the  spark,  and,  consequently, 
the  temperature  of  the  spark  also  rose  for  a  certain  small  length 
of  time. 

The  size  of  .this  current  can  be  determined  from  the  solution 
of  the  differential  equations  for  the  substitution  plan  in  Fig¬ 
ure  111.  At  the  instant  when  t  ■  0  an  impulse  of  the  form 

U  -  E0(e"OT  7  e“pT).  (41) 

is  switched  in  by  closing  the  key  Kj  from  the  impulse 
generator  (UQ) . 

At  a  certain  moment  Tq,  when  the  capitance  is  charged  to 
Ubr,  the  key  K2  is  switched  on,  that  is,  the  breakdown  of  the 
liquid  occurs.  At  the  same  time,  the  capacitance  C  is  shunted 
by  the  resistance  of  the  discharge  channel  r2>  which  is  assumed 
to  be  unchanging. 
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Fig.  111.  The  substition 
plan  in  the  breakdown  of 
liquids,  and  curves  of  the 
currents  depending  oh  the 
time  in  the  breakdowns  of 
xylene. 
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We  will  determine  the 
current  flowing  through  the 
spark  in  a  function  of  time. • 

The  equations  for  the  instant 
0  *  T  *  Tq 

when  only  the  key  Kj  has  been 
closed  (before  the  breakdown), 
will  be  the  following: 

I/*  ■  +  //;  7/  *»  //•  +  U(t 

(42) 

After  the  Laplace  trans¬ 
forms  Jfi*)e~',dt, 
these  equations  can  be  represenred 
in  working  form: 

7/ ■*  + Ut\  rt»rt+ 7t;  Gt  «■  .  (43) 

-  excluding  streamers: 

_ _ 

(P  +  *)  (p  +  ?)  I Cp  (Rtf  +■  Rtf ,  +  rrt)  -f  J?»  +  >  )  t . , , 


The  specific  points  for  simple  deductions  are  equal: 

p,~~  c«,+s,*W 

i  (45) 

+  7-?  (T-*)(7~»  J* 

For  the  interval  t0  <  t  s  •  ,  when  the  key  K2  is 

closed,  the  system  of  equations  in  working  form  will  be  the 
following: 

If*3 1 i^o  4*  0 j:  To  **  7|  +  Tjj 
Ti^Ty  +  7t; 


here  r  -  t  -  t0,  while  U- c^aT-fl  is  determined  from  (45)  by 
replacing  x  for  x0. 

From  the  system  of  equations  of  (46),  excluding  1 q  * 1 1  * 
I2,  I3,  arid  I^,  we  will  determine 

U  »  ha  f  <i> +$*—'•-(!>+*)•->'•  _  u*  ] 

[,  0>  +  *) O  +  ?) (p  +  6)  P  +  Jj* 

where 

i  „  P,,Jr  rrH  ±J*Strr.  rf*  , 

Oj(ffy’  +  /?*V+  ff<i 


With  specific  points  p^  •»  p2  ■  and  P2  ,*“<s  we 

eet! 

4.  f J.' 1  <t-u  ,  »#' — «<*—> =t»V 

I  j  c  r 

In  this  formula,  accordirig  to  (45), 


(47) 


</ 


•-  -  ~ 


,  r  «••«><!  ~w 

•or  the  current  I2,  which  flows  through  the  spark  channel, 

t.fw  1  f  a  • 


we 


lay  write: 


V 


ML 

r» 


(48) 


The  form  of  the  wave  Uq  and  its  parameters  can  be  approxi¬ 
mately  determined  from  the  oscillograms  for  Uc,  for  example, 
oscillogram  V  of  Figure  110.  Several  impulses  have  been  recorded 
here  without  breakdown,  that  is,  only  with  the  closing  of  key 
Kj  (Fig.  111). 


From  the  system  of  equations  (42)  we  get: 

where  A  „ B~-^. 

1:,e  form  of  the  impulse  according  to  oscillogram  V  of 


(49) 
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Figure  110,  can  also  be  nicely  represented  as  the  difference 
of  two  exponential, functions : 

It  is  easy  to  determine  from  the  indicatee  oscillogram  the 
time  ^maximum’  durin8  which  the  amplitude  reached  its  greatest 
value,  and  the  time  tp,  during  which  it  falls  to  its  half  value. 
With  t  and  t„  known,  it  is  possible  to  determine  U. ,  £  and 

x  according  to  the  diagram  (L.261). 

After  substituting  the  deritative  ^c  in  (49),  the  expres- 

dt 


sion  for  Uq  will  get  the  following  form: 

[(B  —  M)*-*— (B— (50) 
From  (50) ,  with  du„  ,  the  value  of  ^txinun  will  be 


dr 


equal  to: 


NiKC 


—I—  in 

*-S  (B-M)t  ’ 


while  the  time  of  the  half  decrease  of  the  greatest  amplitude 
ip  can  be  found  from  graphically  constructing  the  impulse  ac¬ 
cording  to  (50).  With  T^aximum  and  t'  known,  the  constants 
Eq,  a  and  B  in  (41)  and  (47)  are  also  determined  according  to 
(L.261). 


The  curves  of  I3  ■  f(r)  in  Figure  111  were  constructed 

for  xylene  according  to  the  formula  of  (48)  with  ^  equal  to 

10  ohms  and  the  parameters  of  plan  111  known.  The  current  Ij 

consists  of  two  components:  1)  the  quickly  falling  Ij  from 

discharge  of  the  capacitance  C  and  2)  the  from  the  applied 

^  -8 

voltage  Uq,  which  is  established  after  4  x  10  seconds.  The 
computed  values  of  1^'  are  even  presented  in  the  last  graph  of 
Table  45.  It  follows  from  the  curves  of  Figure  111  that  the 
current  Ij  can  exceed  by  several  orders.  The  influence  of 
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this  rapidl  falling  current  should  show  up  only  in  very  small 
segments  of  time  after  completion  of  the  breakdowns. 

It  has  already  been  noted  that,  after  the  initial 
breakdown  and  certain  subsequent  ones,  multiple  discharges 
at  amplitudes  at  of  from  0.6  to  0.8  kv,  that  is,  from 
30  to  40  kv/cm,  take  place.  It  is  well  known  that  breakdowns 
of  not  too  small  air  gaps  under  normal  conditions  occur  with 
approximately  the  same  intensities.  The  latter  circumstance 
provides  certain  bases  for  assuming  that  thi  discharges  occur 
in  a  gas  atmosphere*  although  with  high  pressure,  still  strongly 
ionized.  It  is  necessary  to  consume  a  certain  energy  in  order 
to  create  such  an  atmosphere.  For  this  reason,  with  large  values 
of  rQ,  when  the  constituent  of  the  current  !£'  is  small,  the 
creation  of  a  gas  atmosphere  in-  the  area  of  the  discharge  channel 
can  occur  due  to  the  Ij  component. 

The  same  oscillograms  of  .the  breakdown  of  castor  oil  and 
air  gap  0.?  mm  in  length  )L.262)  are  presented,  for  comparison 
in  Figure  LL2.  The  explanatory  numerical  da'.a  for  these 
oscillograms  is  located  in  Table  46. 

Table  46.  Explanation  of  oscillogram  In  Figure  112. 


Dielectric 

Oscillo- 
gram  no. 

Limiting 
resist¬ 
ance,  ohms 

Initial 

break¬ 

down 

voltage 

kV 

Voltage  of 
subsequent 
breakdowns 
kV 

Voltage 
at  which 
discharge 
is  attenu¬ 
ated,  kV 

Discharge 
attenua¬ 
tion  time 
usee 

Current 
I3,  a 

castor  oil 

1 

0 

12.30 

0. 2-0.4 

M 

«» 

1.1 

II 

10  5 

12.20 

0. 2-0.7 

m 

m 

0.1 

III 

7.06 

12.00 

0. 7-3.0 

m 

• 

10'2 

air,  normal 

IV 

2*106 

10.70 

0.7-5. 3 

4.6 

378 

4*10" 3 

conditions 

V 

105 

1.17 

0.52-1.0 

0.9 

200 

1.4  *10"2 

VI 

2*106 

1.27 

m 

1.0 

0 

7  10*4 
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Fig.  112.  Oscillograms  of  the  breakdown  of  castor  oil  (I  -  IV) 
and  of  air  (V  and  VT)  with  different  limitations  of  the  discharge 
current . 

On  the  first  two  oscillograms  of  Figure  112  only  discharges 
with  low  intensities  are  fixed  after  the  initial  breakdown. 

There  also  does  not  occur  a  sharp  de-ionir,ation  in  the  castor 
oil  with  a  limiting  resistance  of  Tq  equal  to  10^  ohms.  It 
becomes  noticeable  only  with  i'q  equal  to  106  ohms.  Just  as  with 
breakdowns  of  xylene  after  each  such  de-ionization  the  voltage 
on  the  electrodes  ol'  the  gap  in  question  increased,  and  a  new 
breakdown  formed.  Evidently,  the  intensity  of  the  thermal  and 
photo  ionizations  in  the  castor,  oil  was  groat  with  Tq  less  than 
IQ**  ohms,  and  the  production  of  charged  particles  predominated 
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over  their  decrease.  Discharges  at  low  field  intensities 
(around  30  kv/cm)  probable  also  occurred  in  the  gas  atmosphere 
of  the  discharge  channel. - 

With  Tq  equal  to  2  x  10^  ohms,  the  temperature  of  the 
spark,  evidently,  was  not  so  high,  and  the  de-ionized  processes 
were  not  so  intense.  In  oscillogram  IV  the  small  fall  of 
voltage  on  the  crest  of  one  of  the  peaks  (see  A),  calls  attention 
to  itself.  The  progressive  development  of  the  already-begun 
breakdown  was  here  suppressed  by  de-ionized  processes  even  with 
the  comparatively  ionization  of  the  discharge  channel. 

Post  breakdown  discharges  in  the  air  at  certain  values  of  rQ 
take  place  intermittently,  as  well,  but  the  dynamics  of  the  dis¬ 
charge  has  many  distinctive  features. 

It  is  evident  from  a  comparison  of  the  oscillograms  recorded 
with  identical  values  of  rQ  in  Figures  110  and  112  that  the  post 
breakdown  processes  in  xylene  are  strongly  differentiated  from 
the  same  processes  in  castor  oil  and  air.  This  difference  is 
obviously  caused  by  the  properties  of  the  physical-chemical 
nature  of  the  liquids  and  air. 

One  more  series  of  such  oscillograms  of  the  breakdown 
of  pentachlordiphenyl  (chlorinated  diphenyl)  is  presented  in 
Figure  113.  The  explanations  for  these  oscillograms  are 
assembled  in  Table  47. 


Table  47.  Explanation  c.f  oscillogram  in  Fig.  113. 


Oscillo¬ 
gram  no. 

Limiting 

resistance 

Initial 

break¬ 

down 

voltage 

Time  of 
beginning 
of  discharges, 
Msec 

Amplitude  for 
beginning  of 
discharges , 
kV 

Amplitude  of 
discharges 

1060  psec  from 
beginning  of 
pulse  supply ,kV 

1 

0 

15.0 

670 

0.29 

0.8 

II 

10  s 

14.0 

200 

0.46 

1.2 

III 

106 

14.5 

40 

0.60 

1.0 

IV 

2*106 

15.2 

60 

0.50 

1.1 

V 

3*106 

13.5 

40 

0.50 

1.1 

VI 

7‘106 

10.5 

344 

•  1.70 

1.7 
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Chlorinated  diphenyl,  as  is  known,  possesses  great 
viscosity.  Quite  probably,  it  is  due  to  exactly  this 
situation  that  not  one  sharp  and  significant  voltage  peak 
was  fixed  after  the  initial  breakdown.  The  discharges 
occurred  only  at  low  intensities  (from  40  to  85  kv/cm)  and  also, 
apparently,  in  a  gas  atmosphere  of  the  channel.  The  pressure 
in  it  was  evidently  not  large  enough  to  overcome  the  molecular 
forces  of  cohesion.  For  this  reason,  the  ejection  of  liquid 
form  the  inter-electrode  space  could  not  develop.  It  is  also 
possible  that  in  the  process  of  association  with  the  lowering 
of  temperature  there  were  formed  not  original  molecules,  but 
more  stable,  gaseous  ones,  and  that  the  gas  atmosphere  was 
preserved  until  the  end  of  the  discharge. 

Oscillogram  VI  of  Figure  113  was  recorded  after  feeding 
to  the  gap  in  question  a  very  large  number  of  impulses  with 
amplitudes  consierably  less  than  breakdown  ones.  These  impulses 
of  preliminary  ionization  prepared  a  breakdown  with  a  lower 
intensity  of  the  applied  electrical  field  (approx.  0.52  mmv/cm). 
A  repeated  breakdown  was  not  able  to  form  after  completion  of 
the  initial  breakdown  in  the  time  of  approximately  330  micro¬ 
seconds  (see  A) .  The  general  picture  of  the  discharges  also 
turned  out  to  be  different  from  the  preceding  ones. 

During  the  oscillographing  of  the  post  breakdown  processes 
it  was  observed  that  the  individual  properties  of  the  liquids 
appear  most  clearly  with  limiting  resistances  of  rQ  equal  to 
106  ohms.  Comparatively  large  currents  flow  through  the  spark 
in  the  case  of  lower  values  of  rQ.  In  this  case,  the  tempera¬ 
ture  of  the  discharge  channel  is  high;  the  thermal  and  photo 
ionization  are  intense;  and  conditions  faVorable  to  the  pre¬ 
dominance  of  de-ionized  processes  either  do  not  appear  for  a 
long  time  or  do  not  appear  at  all. 
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Fig.  113.  Oscillograms  of  the  breakdown  of  pentachloradiphenyl  ;  j 
(chlorinated  byphenol)  with  different  limitations  of  the  dis-  j  j 
charge  current.  j  i 


The  individual  properties  of  the  liquids  are  not  noticeably  ; 
manifested  even  with  two  great  values  of  rQ  because  the  tempera-  ■ 
ture  of  the  spark  is  low  and  the  de?ionized  processes  are  quite  ] 
intense.  Re-establishment  of  the  dielectric  strength  of  the  gap  j 
in  question  occurred  quite  quickly,  and  the  discharge  soon  breaks  I 
off.  Subsequently  breakdowns  with  slow  charging  of  the  capacitance  J 
C  rarely  occur,  and  it  is  difficult  to  discover  the  characteristic  | 
features  of  the  discharge.  | 
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The  oscillograms  in  Figure  114  were  recorded  at  exactly 
the  most  favorable  limiting  resistance  rQ  a  0.85  and  1  x  10  ohms 
(  «  0.2  mm).  Explanations  of  these- oscillograms  are  presented 

in  Table  48. 


Table  48 


Explanations  of  Oscillograms  in  Figure  114 


Oscillogram 

number 

Liquid 

Breakdown 
voltage, kV 

I 

3 X  solution  ethylcellulose  in. -toluol 

HTo 

11 

Aniline  (light) 

14.5 

III 

Oxidized,  aniline,  (dark) 

10.0 

IV 

Silico-organic  liquid  (c'alorie*2) 

10.0 

V 

Toluol 

11.5 

VI 

Carbon  tetrachloride. 

14.0- 

Pure  analene  was  obtained  from  supply  organizations  in  a 
special  vessel,  and  it  did  not  undergo  refining.  Oxidized 
analene  was  obtained  from  light  analene  by  means  of  oxidising 
it  in  the  air. 

On  oscillogram  I  of  Figure  114,  the  section  10  is  charac¬ 
teristic.  The  voltage,  which  was  equal  to  3  kv,  for  nearly 
300  microseconds  almost  did  not  change.  The  discharge  channel 
was  in  a  state  of  high  ionization,  and  the  formation  of  the  next 
breakdown  was  delayed.  During  this  time  a  dynaiilic  equilibrium, 
as  it  were,  was  established,  in  which  the  falling  count  of  the 
impulse  flowed  along  the  ever-increasing  resistance  of  the  dis¬ 
charge  channel.  After  300  microseconds  the  gap  was  breached 
with  E  approximately  equal  to  150  kv/cm. 

There  occurred  a  rather  abrupt  and  almost  complete  de-ioniza 
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tion  of  the  discharge  channel  ‘(see  peak  k  of  oscillogram  II) 
with  the  analene  after  approximately  280  microseconds, 

evidently  also  from  the  ejection  of  liquid,  but  after  a  short 
period  of  time  a  new  breakdown  formed. 


Fig.  114.  Oscillograms  of  the  breakdown  of  different  Jiquids 
with. limiting  distances  of  rQ  equal  to  0.85  and  1  x  10  ohms. 


Sections  1  and  2  on  oscillogram  II  are  characteristic. 

They  formed  at  a  considerable  lower  voltage,  in  contrast  to 
the  conditions  of  n  of  oscillogram  I.  They  weren’t  observed 
at  all  with  dark  (oxidized  )  analene  (see  Oscillogram  III). 
However,  the  conditions  of  N  existed  a  comparatively  long 
time  after  the  four  subsequent  breakdowns.  This  circumstance 
testifies  to  the  fact  that  the  molecules  of  the  oxidized 
analene  are  less  thermally  stable  than  are  the  molecules  of 
light  analene. 

The  appearance  of  the  conditions  of  Nr  can  also  be  ovbserved 
after  each  subsequent  breakdown  with  the  silicon-organic  liquid 
(calorie  2).  It  follows,  from  this  that  the  intensity  of  the 
formation  of  the  gas  atmosphere  during  the  thermal  decomposition 
of  complex  molecules  is  quite  significant  in  the  silicon-organic 
liquid.  After  the  initial;,  second,  third  *  and  fourth  breakdowns, 
the  conditions  of  N  existed  for  170,  100,  82,  and  46  microseconds 
respectively.  To  the  extent  that  the  temperature  of  the  spark 
was  lowered,  the  intensity  of  the  thermal  decomposition  of  the 
molecules,  naturally,  was  lowered ■,  and,  consequently,  the  dura¬ 
tion  of  the  existence  of  the  gas  atmosphere  inside  the  discharge 
channel  also  decreased. 

The  breakdown  of  toluene  occurred,  after  a  double  application 
of  impulses  with  a  maximum  araplitutude  of  16  kv  (0.8  mv/cm). 

And  the  breakdown  voltage  (11.5  kv)  proved  to  be  c-  nsiderably 
less. 

It  has  already  been  mentioned  above,  that  when  a  voltage 
close  to  the  breakdown  voltage  is  switched  on  during  the  break¬ 
down  delay,  formation  of  electron  avalanches  and  electron  cap¬ 
ture  by  the  molecules  of  the  liquid  take  place.  Consequently, 
a  space  charge  forms  in  the  inter-electrode  gap. 
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Inasmuch  as  the  volume  increases  when  a  solid  body  melts, 
it  is  assumed  that  there  is  a  large  number  of  micro  cavities 
(cavitation  spaces)  in  liquids  and  that  they  appear  in  random 
places  and  quickly  disappear.  When  a  space  charge  exists  the 
probability  of  formation  of  such  micro  cavities  as  a  result  of 
electrostatic  repulstion  should  increase.  The  electrons  falling 
into  such  places  can  acquire  an  energy  which  is  sufficient  for 
ionization  even  at  voltages  that  are  lower  than  breakdown  ones. 

The  above-mentioned  circumstance  apparently  serves  as  one  of  the 
reasons  for  the  lowering  of  values  of  U^r  when  an  impulse  voltage 
with  maximum  amplitude  somewhat  less  than  U^r  is  repeatedly  switched 
to  the  electrodes  of  the  gap  in  question.  Certain  structural  pro¬ 
perties  of  toluene  appear  in  this.  The  influence  of  such  proper¬ 
ties  can  be  illustrated  based  on  the  example  of  liquified  gases. 

The  breakdown  intensity  of  liquid  helium,  for  example,  comprises 
only  0.7  mv/cm,  while  that  of  liquid  nitrogen  comprises  1.6  mv/cm 
(L. 263) . 

In  strongly  ionized  toluene,  the  subsequent  breakdowns  form 
at  comparatively  low  intensities  (from  0.12  to  0.13  mv/cm)  for 
possibly  the  same  reason.  Because  of  this  circumstance,  the  pic¬ 
ture  of  the  post  breakdown  discharge  turns  out  to  be  somewhat 
unusual . 

Discharges  after  the  initial  breakdown  in  carbon  tetra  choride 
usually  stop  early  (see  Oscillogram  VI  of  Fig.  114),  even  with 
comparatively  large  field  intensities  (0.225  mv/cm).  This  can  be 
explained  by  the  fact  that  the  de-icnized  processes  in  carbon 
tetra  chloride  are  quite  intense.  Oh  Oscillogram  VI  it  is  possible 
to  follow  the  degeneration  of  charges  of  Type  N  at  low  intensities 
(see  b)  in  special  conditions  which  are  analogous  to  n  of  Oscil¬ 
logram  I  as  well  as  1  and  2  of  Oscillogram  II.  In  accordance 
with  the  definite  growth  of  the  resistance  of  the  discharge 
channel  and  the  similar  decrease  of  the  impulse  current,  during 
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which  the  voltage  remains  almost  constant  for  a  long  tiae, 
these  conditions  may  be  called  balanced.  The  post-break- 
down  processes  in  distilled  water  proceed  completely  dif¬ 
ferently  (L.264).  One  can  get  an  idea  of  them  from  the 
current  oscillograms  I  through  III  of  Figure  115.  They  were 
recorded  during  breakdowns  of  a  gap  also  equal  to  0.2  mm  and 
with  rQ  equal  to  0.  The  period  of  the  sinusoidal  oscillations 
graduated  by  time  on  the  axes  of  the  abcissas  of  these  oscillo¬ 
grams  comprises  2.5  microseconds.  The  almost  horizontal  sec¬ 
tions  of  1,  2,  3,  and  4  on  the  oscillograms  of  I  represent  cur¬ 
rents  of  conductivity  during,  the  delay  of  the  breakdown.  Oscil¬ 
logram  IV  of  Illustration  I  of  Figure  115  was  recorded  with  E^r 
equal  to  100  kv/cm,  while  the  others  were  recorded  with  a  gradual 
reduction  of  E  to  the  minimum  breakdown  value. 


The  development  of  breakdown  occurs  intermittently  as  we!l 
without  very  large  excess  voltages  in  the  gap  in  question  between 
the  balls  (a^-a^). 

A  comparatively  strong  streamer  a^,  which  had  formed  at  the 
maximum  voltage,  was  suppressed  by  de-ionized  processes.  The 
progressive  development  of  the  breakdowns  stopped,  but  after 
approximately  3  microseconds  it  began  again  and  ended  with  the 
burning  of  the  spark  (a2).  However,  "attempts"  to  break  off 
the  discharge  were  observed  many  more  times,  which  can  be  seen 
by  the  sharp  breaks  in  the  current.  With  an  increase  of  voltage, 
the  time  of  delay  of  2  (Fig.  I)  accidentally  turned  out  to  be 
greater  than  1.  The  temperature  of  the  discharge  channel  was 
higher  with  an  increase  of  current,  and  at  the  same  time  more 
charged  particles  were  generated.  This  can  be  seen  by  the  less 
deep  breaks  of  current  on  Oscillograms  III  and  IV  (Fig.  115,  I). 
Moreover,  the  breaks  appear  less  frequently  than  during  the 
recording  of  Oscillograms  I  and  II. 

The  gra«iuated-leader  development  of  the  breakdown  was  also 
recorded  with  a  negative  point  (Oscillogram  IIiin).  These 
oscillograms  were  also  recorded  with  a  gradual  increase  of  vol¬ 
tage.  A  breakdown  did  not  not  follow  during  the  recording  of 
Oscillogram  d,  and  only  the  current  of  conductivity  was  recorded. 

After  lengths  of  time  of  148  and  155  microseconds  there 
occurred  almost  complete  breaks  of  the  current  njand  n2.  But, 
after  the  laps  of  several  microseconds,  the  gaps  were  breached 
again,  and  the  discharges  continued.  These  breaks  were  not  reg¬ 
istered  in  oscillograms  of  I  because  they  appeared  later.  The 
same  complete  break  of  current  even  recorded  with  points  (Oscil¬ 
logram  JII,  k).  It  is  interesting  to  note  that  a  break  did  not 
occur  with  the  current  Imaximum  equal  to  0.57  amp.  (Oscillogram 
II,  n) .  The  preparatory  stage  for  the  abrupt  de-ionization  was 
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observed  in  place  p  (a  smooth  lowering  of  the  current).  The 
breaking  of  discharges  is  also  apparently  connected  with  the 
ejection  of  water  from  the  inter-electrode  gap  as  a  result  of 
increasing  the  pressure  in  the  gas  atmosphere  of  the  discharge 
channel . 

Oscillogram  IV  in  Fig.  115  is  presented  in  order  to  get 
some  idea  concerning  the  change  of  current  during  the  burning 
of  the  spark  in  the  silicon-organic  liquid.  The  limiting  resis¬ 
tance  was  equal  to  r-  ■  5  x  106  ohms,  but  an  additional  non- 

0  5 

inductive  resistance  r  *  5  x  10  ohms  was  switched  on  from  the 
ground  in  order  to  record ‘the  current.  For  this  reason,  the  abrupt 
surge  of  the  current  from  the  discharge  of  the  capacitance  of 
the  electrode  at  the  beginning,  of  the  process  could  not  be  recorded 
(see  Fig.  111).  As  to  the  rest»  the  abrupt  falls  and  rises  of 
current  corresponded  to  similar  changes  of  voltage.  Here  there 
is  graphically  confirmed  the  hypothesis  expressed  above  that 
there  still  remain  many  charged  particles  in  the  discharge  channel 
after  the  abrupt  de-ionizat>.on and  that  for  this  reason  the  sub¬ 
sequent  breakdowns  form  at  comparatively  low  voltages.  A  complete 
breaking  off  of  current  did  not  occur  in  the  whole  period  of  dis¬ 
charge. 

It  is  evident  from  the  oscillograms  of  Fig.  114  that  the 
characteristic  physical-chemical  properties  of  the  liquids  are 
reflected  not  so  much  in  the  sizes  of  the  breakdown  voltages  as 
in  the  dynamics  of  their  discharge  after  completion  of  the  break¬ 
down.  In  this  period,  with  the  appropriate  limitations  of  the 
discharged  current,  there  appears,  as  it  were,  the  fine  structure 
of  the  liquids,  which  is  caused  by  the  aggregate  of  the  physical- 
chemical  processes  during  the  burning  of  the  spark. 

Inasmuch  as  part  of  the  thermal  energy  which  is  released 
during  the  breakdown  is  usually  expended  on  heating  the  electrodes, 
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the  temperature  of  the  spark,  the  appearance  of  peaks,  the  time 
of  cessation  of  the  discharges,  and  several  parameters  must 
depend  on  the  geometry  of  these  electrodes,  as  well  as  on  the 
length  of  the  spark  gap.  In  the  case  when  the  space  charges 
have  a  noticeable  influence  on  the  dynamics  of  the  discharge, 
the  latter  to  some  extent  must  also  be  determined  by  the  degree 
of  irregularity  of  the  electrical  field. 

7-3.  The  Temperature  of  the  Spark  Channel  in  Liquids 

Earlier,  mention  was  repeatedly  made  of  the  temperature 
of  the  discharge  channel  in  connection  with  action  of  thermal 
and  photo  ionizations,  as  well  as  pressure  increase.  It  is 
known  from  the  literature  that  the  spark  temperature  can  attain 
tens  of  thousands  of  degrees  and  more,  for  example,  during 
breakdowns  of  gas  gaps  (L.265  -  268).  With  an  electric  arc, 
a  considerable  lower  temperature  usually  develops  in  the  air 
(L.269). 

The  temperature  of  the  spark  in  air  has  been  computed  on 
the  bases  of  calculation  data,  according  to  the  Saha  formula, 
concerning  the  concentration  of  ions  of  various  degrees  of 
ionization  and  the  intensity  of  the  lines  of  excitation  of 
nitrogen  in  a  time  of  S  x  10“7  seconds  (L.267).  It  proved 
to  be  equal  to  4  x  10*  degrees  K  for  a  circuit  with  a  capa¬ 
citance  of  0.25  microfarad,  and  an  inductance  of  10  micro¬ 
henry. 

As  of  yet  there  are  no  data  concerning  the  direct  determina¬ 
tion  of  the  temperature  of  tne  spark  in  liquids.  But  there  are 
some  calculation  material  and  experimental  data  concerming  the 
individual  parameters  which  determine  the  temperature.  Its  value 
computed  according  to  these  data  also  turned  to  be  equal  to  several 
tens  of  thousands  of -degrees  for  transformer  oil. (L. 270). 
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The  system  of  electrodes  of  the  gap  in  question  together 
with  the  supply  mains,  as  was  already  noted,  always  forms  a 
certain  capacitance  c.  When  the  voltage  on  this  capacitance 
increases  from  0  to  U^r  there  is  accumulated  the  energy 

0.24CU2br 

qi  = - [cal] ,  (51) 

2 

which  is  converted  into  thermal  energy  during  discharge,  and 
is  also  expended  on  radiation,  ionization,  and  so  forth. 

At  the  moment  of  discharge  the  current  I  »  /( t),  passes 
across  the  spark  gap  at  a  voltage  U.  Outside  of  depending  on 
the  principle  of  voltage  lowering  during  the  formation  of  break¬ 
down,  U^r  can  in  practice  be  considered  equal  to  0  by  the  end  of 
the  process.  And  the  current  of  normal  conductivity  IQ  increases 
from  almost  0  up  to  ImaxiTOUffi»  In  insulating  liquids  this  cur¬ 
rent  r  usually  is  many  orders  lower  than  For  the 

sake  of  simplification  it  may  be  assumed  that  U  and  I  change 
linearly  during  the  time  of  formation  and  completion  of  the 
breakdown  Tj.  Such  an  assumption  will  not  lead  to  significant 
error  because  the  voltage  lowering  during  breakdowns  of  insula¬ 
ting  liquids,  as  can  be  seen  from  Fig.  108,  basically  takes  time 
t 2 ,  which  is  equal  to  the  parts  of  the  microsecond.  Cases  of 
the  breakdown  of  long  gaps  without  limitation  of  the  discharge 
current  are  not  examined  here. 


During  the  linear  change  of  U  and  r 


Ubr (T  -O 

U  -  1 


T1 


and 


(52) 


In  the  discharge  channel  there  is  then  released  the  thermal 
energy 


0 , 24U.I 

br  max  xj 

- - -  0  (Tl-T2)TdT» 

M 

T1 


0.24U 


brAnaxxi  (cal)  (53) 
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In  so  short  a  period  of  time  the  electrons  of  the  avalan¬ 
ches,  in  colliding  with  the  molecules  of  the  liquid,  will  ionize 
and  excite  them.  For  this  reason,  a  considerable  portion  of  the 
energies  and  Q2,  during  the  process  of  formation  of  breakdown, 
will  be  accumulated  at  first  in  the  narrow  discharge  channel  of 
radius  R  as  potential  energy  of  the  molecules  (L.271).  A  state 
of  equilibrium  will  be  established  only  after  the  lapse  of  several 
tenths  of  a  microsecond  after  the  completion  of  this  process. 

It  is  known  from  experiments  on  the  breakdown  of  air  gaps 
that  the  gas  is  completely  ionized  in  the  spark  channel  CL . 267 
and  272).  The  same  thing  should  also  take  place  during  the  break¬ 
downs  of  liquid  dielectrics,  inasmuch  as  the  mechanisms  of  dis¬ 
charges  are  in  many  respects  similar,  especially  in  the  limita¬ 
tion  of  the  discharge  currents  (L.101  and  103).  The  complex 
molecules  of  liquid  hydrocarbons,  for  example,  transfomer  oil, 
when  heated  to  600*C,  already  begin  to  decompose  into  more 
simple,  gaseous  ones  (L.273),  and  at  a  temperature  of  5000°C 
there  occurs  an  almost  complete  dissociation  of  the  molecules 
of  H2  and  C2  into  atoms  (L.274).  But  a  very  high  pressure  is 
formed  at  high  temperatues  in  a  closed  spark  channel.  According 
to  rough  calculation,  it  can  attain  several  hundreds  of'  thousands 
of  atmospheres.  This  pressure  will  apparently  stimulate  the 
reunion  of  atoms  and  prevent  the  dissociation  of  gaseous  mole¬ 
cules. 

During  the  complete  ionization  of  atoms  or  molecules,  a 
plasma  forms  in  the  channel  by  the  moment  t2.  It  is  known  that 
Ohm's  law  is  always  satisfied  for  such  a  condition  (L.275).  Cal¬ 
culation  for 

t2  ■  lO^sec. 


The  current  of  the  discharge  I  after  completion  of  the 
breakdown  and  the  resistance  of  the  spark  channel  rx  will  change 
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with  the  passage  of  time,  but,  for  such  a  short  time  as 
t 2  =  10“6  sec.  they  may  be  assumed  to  be  constant.  In  the 
spark  channel,  then,  there  is  released  the  additional  amount 
of  thermal  energy 

Q,  -  0.24'2  I2r  dt(cal).  (S4) 

o  t1  x  x 

The  current  I  for  the  time  T2  -  can  be  assumed  to  be 
equal  to 

Ix  »  NQebE,  (55) 

where 

Nq  -  is  the  number  of  once-ionized  particles  in  the  spa?e 
of  the  discharge  channel; 

e  -  is  the  elementary  charge; 

b  »  b+  +  b_  -  is  the  mobility  of  the  current  carriers; 

E  -  is  the  field  intensity  after  completion  of  the  breakdown. 
This  amount  is  usually  small,  but  it  can  be  determined  according 
to  the  oscillograms  with  the  help  of  an  optical  micrometer. 

For  the  above-mentioned  moment  of  time,  it  is  possible, 
in  the  first  approximation  only  the  electron  component  of  the 
current  with  a  mobility  b  ■  b_. 

During  the  decomposition  of  complex  molecules  to  simpler 
ones  or  into  atoms,  the  number  of  charged  particles  in  one  cc 
will  be  equal  to: 

NvT 


where 

N  -  is  the  Avagadro  number; 

M  -  is  the  weight  of  a  single  gram  molecule  of  the  liquid; 

¥  -  is  the  number  of  new  ionized  particles  into  which  the  basic 
molecule  decomposes; 

y  -  is  the  specific  weight  of  the  liquid. 
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And  in  the  space  of  a  discharge  channel  of  cylindrical 
form  with  a  radius  of  the  base  R  and  a  length  l,  the  number 
of  such  particles  will  be: 


N5 


irR*ZNy¥ 

M 


(57) 


By  substituting  the  value  of  Nq  from  (55)  into  (57)  the 
radius  of  the  spark  channel  can  be  expressed  as: 


MI. 


R‘ 


TrZyNeb'i'E 


(58) 


Inasmuch  as  a  gas  atmosphere  is  formed  in  the  discharge 
channel,  the  Langevin  formula  (L.276),  which  has  also  been  derived 
for  gases,  may  be  used  for  the  mobility  of  the  electrons: 

b.  -  (59) 

2m*ff 


where 

e  -  is  the  elementary  charge; 

X  -  is  the  length  of  the  free  path  of  the  electron; 

M*  -  is  its  effective  mass; 

W  -  is  the  average  speed  of  the  thermal  movement  of  the 
particles  of  the  surrounding  medium. 


Substituting  W  *  ^  3kT  into  (59) ,  where  ntQ  is  the  mass 

m0 

of  the  particles  of  this  medium,  we  will  obtain: 


"  m*/3i?r 

From  (58)  and  (60)  it  follows  that: 


(60) 


R 


r~r 


MI  m*/3TT 

A 

uZyNXe2*^”  YE 


B. 


(61) 
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With  the  thermal  capacity  of  the  liquid  c'  it  is  possible 
to  write: 

Q  =  Qi  +  Q2  +  Q3  a  hZyc^R2 (T-Tq) .  (62) 

Disregarding  the  losses  of  energy  and  Tfi  ^  200*K  in  compari¬ 
son  with  T,  from  (61)  and  (62)  the  expression  for  the  spark  temp¬ 
erature  can  be  reduced  to  the  form: 


(63) 

The  losses  on  radiant  energy  can  be  taken  into  account  from 
Wj  =  5.77  •  10"5T4 (erg/cm2  •  sec).  (64) 


Considering  the  spark  to  be  a  radiating  black  body,  and  dis¬ 
regarding  the  radiation  from  the  side  services  of  the  channel,  for 
T1  +  T2  “  1*1  *  1°"6  sec. : 


W1*  5.77  •  10"5  •  2ttRZ(t1  +  t2)T4«4  •  10“ll/BT4-25 

(65) 

The  expenditure  of  energy  on  the  dissociation  of  molecules 
and  the  ionization  of  the  products  of  decomposition  will  be  equal 
to: 


W2  ttZNyR2  7 

W 4  -  ( -  ♦  W3Y)  -  -  DR% 

4  N  5  M 


(66) 


where 

W2  -  is  the  energy  of  dissociation  for  1  mole; 

W3  -  is  the  energy  of  ionization  for  one  molecule  (atom); 


The  losses  for  the  heating  of  the  electrodes  can  be  accounted 
for  according  to  the  number  of  collisions  they  have  with  particles. 
In  comparison  with  the  heat  effect  their  acceleration  in  the  elec  - 
trie  field  can  be  disregarded. 


According  to  the  Maxwellian  law  of  distribution,  part  of  the 
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molecules  with  velocities  in  the  ranges  of  v  and  v  +  dv  can 
be  determined,  as  is  known,  for  a  given  direction  according  to 
the  formula 


mt* 

2*r 


do 


+  » 

Sr 


m 

s*r  do 


yf  \ 2rJtT  ' 


mtt 

UTdo. 


(67) 

The  number  of  molecules  or  atoms  q  with  mass  m  that  strike 
a  unit  of  the  surface  of  the  electrodes  in  a  unit  of  time  can  be 
computed  in  the  following  way: 


Q 


(§8) 


Inasmuch  as  the  average  kinetic  energy  of  the  particles 
moving  perpendicular  to  the  surface  is  equal  to  dT,  then,  in 
collisions  with  the  electrodes,  the  particles  will  transmit  to 
them  an  energy  of  qk'(T  -  Tj). 


It  is  possible  to  consider  that  *  const  (  290*C)  for 

the  time  t2  when  the  mass  of  the  electrodes  is  considerable. 

There  area,  where  the  collisions  must  take  place,  is  equal  to 
uR  ,  and  the  energy  transmitted  to  them  is 

W5«  qk(T  -  T1)t2tiR2.  (69) 

2 

After  the  substitution  of  R  from  (61)  the  expression  of 
(69)  will  take  the  following  form: 

„  **SL i  /  JL  T~<!>B(T~  Tt)  T, 
w *  M  V  (70) 

where  <t><^  1.76  •  104,  Moreover,  some  energy  will  be  expended 
on  the  formation  of  the  shock  wave,  as  even  happens  during  the 
breakdowns  of  gas  gaps  (L . 277  and  278),  as  well  as  on  the  heating 
of  molecules  located  near  the  channel.  These  losses  are  not  con¬ 
sidered  in  further  calculations. 


Subtracting  the  losses  of  (65),  (66),  and  (70)  from  (62), 
we  obtain  _  . 

q — 4  .  io"u  }/b  t *•“—  <&fl  (r  -  r,)  t  -  on  y  r=  nty  bt '•*.  1 x  J 
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From  this  equation  the  temperature  of  the  spark  can  be  determined 
graphically* 

The  values  of  Imaxlmum,  Ix,  V  E  and  Uw  In  (71)  are 
determined  from  the  already  known  parameters  of  the  plan  of 
Fig.  Ill,  as  well  as  from  the  oscillograms  of  the  breakdown 
and  the  post-breakdown  discharge.  The  length  of  the  free  path 
of  the  electrons  without  corrections  for  the  temperature  and 
travelling  speed  can  be  determined  from  the  known  formula 

1 

\  « -  , 

where  r  is  the  radius  of  the  molecules  or  atoms. 

It  can  also  be  roughly  assumed  that  the  diameter  of  the 
discharge  channel  and  the  number  of  molecules  in  one  cc  (NQ1 
will  remain  unchanged  for  a  time  close  to  one  microsecond. 

Under  this  condition 

M 

\  , -  . 

(72) 

According  to  roughly  approximately  calculations  and  experi¬ 
mental  data,  the  spark  temperature  in  transformer  oil  which  has 
been  cleaned  by  30i  fuming  sulfuric  acid  proved  to  be  equal  to 
approximately  4.2  times  104*K,  while  the  radius  of  the  dischage 
channel  was  R  ^  j  j  .  jq-4  cm  (L.270). 

The  calculation  was  carried  out  on  the  assumption  that  the  complex 
molecules  of  the  transformer  oil  only  decomposed  into  CH^. 

If  the  molecules  of  the  transformer  oil  decompose  into  atoms 
at  a  temperature  greater  than  5000®C,  even  with  extermely  high 
pressures  in  the  .discharge  channel,  then  the  temperature  condi- 
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tions  of  the  spark  will  change.  Such  decomposition  is  usually 

accomplished  during  large  expenditures  of  energy  (W  »  1.03  •  10S 

1  " 
and  W  =8.3  •  10  cal/mole) .  For  this  reason,  the  spark  tempera- 

v> 

ture  during  decomposition  should  drop  noticeably.  And  it  is 
apparently  highest,  as  during  the  breakdown  of  gas  gaps,  in  the 
initial  stage  of  discharge  (L.277).  But,  at  a  certain  critical 
value  of  it,  when  the  process  of  reunion  of  atoms  into  molecules 
begins,  this  temperature  can  again  noticeably  increase  from  the 
release  of  energy. 

The  pressure  in  the  discharge  channel  will  also  lower  with 
its  reduction.  If  before  this  the  plastic  properties  of  the  liquid 
have  not  had  time  to  appear,  and  only  the  elastic  contraction  of 
the  molecules  like  a  spring  has  occurred,  the  sign  of  the  pressure 
can  change  to  the  opposite  one;  the  ejection  of  the  liquid  will 
not  occur.  But  in  this  case,  if  the  plastic  properties  of  the 
liquid  have  had  time  to  appear,  and  expansion  of  the  gas  in  the 
space  in  the  channel  has  occurred,  a  vacuum  can  form  there  when 
the  temperature  is  lowered.  Non- ionized  molecules  then  penetrate 
into  the  area  of  the  channel  under  the  influence  of  the  outside 
pressure,  and  the  discharge  njay  break  off  temporarily  or  finally. 

7-4.  The  Pressure  in  the  Discharge  Channel 

jft  has  already  been  mentioned  above  that  the  pressure  of  the 
gaseous  medium  in  the  discharge  channel  rises  sharply  at  high 
temperatures.  Ejections  of  liquids  occur  for  the  above  mentioned 
reason,  and  in  some  cases  there  arise  crushing  forces  which  are 
transmitted  to  the  walls  of  the  measuring  vessels.  In  this  case 
the  spark  acts  as  an  explosive. 

In  this  work  (L.279)  an  attempt  has  been  made  to  determine 
the  efficiency  during  a  similar  conversion  of  electrical  energy 
int o mechanical.  A  capacitor  with  a  capacitance  of  from  0.012  to 
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0,07  microfarad  charged  to  a  voltage  of  from  12  to  18  kv  was 
discharged  across  a  spark  of  a  sliding  discharge  along  a  Pertinax 
plane  which  had  been  placed  in  water.  In  this  case  the  mechanical 
forces  were  transmitted  to  a  bob  by  a  weight  of  from  2  to  20  grams 
which  had  been  separated  from,  the  water  by  a  thin  sheet  of  mica. 

The  height  of  the  bouncing  of  the  bob  was  equal  to  from  SO  to  250  cm. 
The  efficiency  which  was  determined  from  comparing  the  work  of 
this  bob  and  the  accumulated  energy  in  the  capacitor  proved  to 
be  equal  to  around  1%. 

The  transmission  of  mechanical  forces  by  the  real  compressible 
liquids  occurs  through  the  shock  wave.  The  liquid  compresses  in 
the  places  of  pressure  application.  Its  density  increases,  and  the 
compressed  condition  shifts  from  the  place  of  origin  of  the  pres¬ 
sure  to  the  periphery.  This  compressed  section  is  called  the 
front  of  the  shock  wave.  It  can  move  with  supersonic  speed.  At 
large  distances  the  shock  wave  degenerates  into  a  sonic  one. 

It  has  been  established  in  studies  of  gas,  discharges  that  there 
is  a  sharp  drop  of  density  in  the  casing  of  the  discharge  channel. 

The  density  of  the  gas  is  low  in  the  disturbed  region  from  the 
center  of  the  channel  almost  up  to  the  front  of  the  shock  wave, 
but  is  sharply  increases  at  the  front.  Further  on,  it  drops 
abruptly  (L.280). 

The  speed  of  the  shock  wave  in  water  and  the  density  of  the 
substance  at  the  front  were  determined  in  (L.281).  The  water 
was  poured  into  a  cylindrical  vessel  (h  *  5  cm)  which  was  made 
of  cellophane.  Lead  plates  were  set  at  intervals  of  1  cm  along 
all  the  height  of  the  cylinder.  An  explosive  was  detonated  below 
through  a  percussion  cap,  and  a  pressure  equal  to  approximately 
2,5  times  10^  atmospheres  was  created.  The  water  was  compressed, 
and  this  compressed  condition  (the  shock  wave)  shifted  upward. 

An  X-ray  tube  was  turned  on  simultaneously  with  the  explosion, 
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and  the  rays  penetrated  the  cylinder  with  water.  The  greater 
was  the  density  of  the  liquid,  the  greater  was  the  number  of 
rays  absorbed,  and  they  were  absorbed  almost  completely,  by  the 
lead  plates.  These  rays  then  fell  on  film,  and  it  was  even 
possible  to  determine  the  speed  of  the  shock  wave  according  to 
those  lead  plates  around  which  the  most  dense  sections  were 
found.  It  turned  out  that  the  density  of  the  water  was  equal  to 
1.75  at  its  front.  The  initial  speed  of  the  wave  did  not  exceed 
6600  m/sec.  At  a  distance  of  approximately  40  mm  from  the  place 
of  the  explosion  its  speed  decreased  to  approximately  1500  m/sec. 

The  pressure  also  decreased  sharply. 

In  this  work  (L.282),  the  question  of  getting  cumulative 
currents  of  a  liquid  in  a  converging  flow  of  sufficient  density 
is  examined.  It  has  been  observed  that  such  a  current  can  be 
obtained  not  only  by  explosives,  but  also  be  the  ejection  of  a 
liquid  at  the  moment  of  discharge  across  the  spark  of  a  capacitor 
with  a  capacitance  of  1000  ohms  at  a  difference  of  potentials  of 
several  tens  of  kilovolts. 

Besides  ejections  of  liquids,  the  existence  of  a  strong 
spark  brisance  has  been  discovered  by  the  author  of  large  gaps 
of  distilled  water  and  transformer  oil  without  limitation  of 
the  discharge  current.  After  several  breakdowns  the  heavy  porce¬ 
lain  vessels  with  a  wall  thickness  greater  than  20  mm  broke  (L.242). 
The  same  thing  was  also  observed  in  discharges  of  a  battery  of 
capacitors  C  *  9.8  microfarad  onto  a  thin  copper  wire  d  «*  0.1  mm 
and  l  =  55  cm  which  had  been  placed  in  glass  pipes  with  water  and 
transformer  oil.  The  capacitors  discharged  up  to  from  70  to  80  kv. 
Tn  this  case  the  pipes  were  crushed  to  small  pieces  (L.283). 

It  is  well  known  that  the  destruction  of  material  occurs  con¬ 
siderably  more  easily  with  the  quick  application  of  forces.  This 
particularly  concerns  the  perforating  effect.  A  successful  attempt 
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was  made  to  apply  those  forces  which  arise  during  discharges 
in  water  to  make  holes  in  very  solid  substances  (L.284).  There 
is  a  report  about  the  transmission  of  signals  in  water  from  the 
place  of  discharge  in  (L,285).  The  gap  between  electrodes  of 
l  -  S  cm  was  breached.  At  a  distance  of  around  100  cm  from  the 
spark,  acoustic  impulses  were  recorded  by  piezoreceivers  made  of' ceramic 
barium  titanate.  It  has  been  established  that  in  this  case  the 
conversion  of  e?ectrical  energy  into  acoustic  energy  occurs  with 
an  efficiency  up  to  30%.  In  the  case  of  a  constant  l  the  effective¬ 
ness  of  energy  conversion  decreases  if  the  store  of  electrical  energy 
is  raised  by  an  increase  of  the  capacitance  of  the  discharging  capa¬ 
citor  with  the  voltage  unchanged. 

Studies  have  been  devoted  to  determining  the  amounts  of 

the  pressures  in  the  discharge  channel  during  the  breakdown  of 

water  (L.286  and  287).  Gaps  of  Z  equal  to  from  1.2  to  1.5  cm 

between  points  were  breached.  There  was  discharged  across  the 

breached  gap  a  battery  of  high-voltage  capacitors  with  a  capa- 

tance  of  from  2.7  to  240  microfarads'  which  had  been  charged 

with  a  voltage  of  from  12  to  40  kv.  In  this  case  currents  of 

from  12  to  750  ka  passed  across  the  spark  channel,  and  the  speed 

o 

of  their  increment  changed  from  3.6  times  10  up  to  1.75  times 
101:lamp/scc.  During  the  experiments  the  currents  were  measured 
by  a  Rogowski  loop,  and  the  discharges  were  recorded  by  a  cathode 
oscillograph  and  photographed  by  equipment  with  revolving  mirrors. 

The  speed  of  turning  was  equal  to  60,000  rpm. 

It  has  been  shown  that,  if  the  glowing  bridge  between  elec¬ 
trodes  is  considered  to  be  the  channel,  then  the  density  of  the 

fi  ? 

current  in  the  channel  is  equal  to  1.2  times  10  amp /cm  .  But 
the  authors  consider  this  number  to  be  deliberately  underestimated, 
since  their  exists  a  transitional  layer  of  excited  gas  between 
the  strongly  heated  channel  and  the  cold  liquid,  where  an  insigni¬ 
ficant  portion  of  the  current  flows. 
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At  a  speed  of  current  increase  of  3.6  times  10  amp/sec, 
the  speed  of  motion  of  the  front  of  the  shock  wave  P  was 
found  to  be  equal  to  1600  mm/sec,  and  the  speed  of  spread  of 
the  channel  was  200  m/sec.  After  from  0.5  to  1.5  micro¬ 

seconds  the  front  of  the  shock  wave  breaks  away  from  the  channel 
and  moves  on  with  a  constant  speed.  The  even  expansion  of  the 
discharge  channel  also  takes  place  at  this  time. 

For  the  case  of  cylindrical  symmetry,  calculation  of  some 
parameters  during  discharges  was  carried  out  on  the  assumption 
that  the  water  between  the  front  of  the  wave  and  the  channel  can 
be  considered  incompressible  and  to  have  the  same  density  p  as 
is  at  the  front  (p  *  p^) .  Certain  other  simplifying  assumptions 
have  also  been  made. 

From  the  continuity  equation  for  the  speed  of  the  water  v 
at  a  distance  r  we  may  write: 

V* 

- - -  (73) 

r 

where 

v^  -  is  the  speed  of  the  water  behind  the  wave  front; 

r^  -  is  the  radius  of  this  front. 

The  relation  between  r^  and  the  radius  of  the  discharge 
channel  r^  was  obtained  from  the  condition  of  the  preservation 
of  the  mass  of  the  water  disturbed  by  the  shock  wave: 


where  a  »  - 

P 


tr, 


*a(r*  -  rj). 


k  ‘  (74) 

is  the  compression  of  the  water  by  the  shock  wave; 
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Pq  -  is  the  initial  density  of  this  water. 

From  (74)  the  relationship  of  the  radii  will  be  equal  to: 


The  speed  of  expansion  of  the  channel  V^-can  be  determined 
from  the  correlation  _____ 

■£rv+  C7S) 


The  authors  determined  the  relationship  between  the  pressure 
of  the  water  P  at  a  distance  r  and  the  pressure  at  the  front 
from  the  Eulerian  equation  for. an  ideal  liquid  (L.288): 


— J-gradP. 

After  substituting  (73)  into  thie  equation  and  integrating  for  P, 
an  expression  of  the  following  form  was  obtained: 

(76) 

From  the  already  known  correlation  for  the  shock  wave 

and  from  (74)  the  pressure  at  the  boundary  of  the  spark  channel 
is  determined: 


The  interdependence  between  and  a  is  determined  from  the 
equation  of  the  adiabatic  curve  of  the  shock  for  P(Ji<8‘10^atm. : 

Pv  «  3050(a7'1S-l). 


The  speed  of  the  shock  wave  and  the  speed  of  epansion  of  the 
discharge  channel  as  computed  according  to  the  derived  formulae 
turned  out  to  be  in  satisfactory  agreement  with  the  experimental 
data. 
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With  a  certain  simplification  with  regard  to  the  form  of  the 
energy  pulse,  it  is  suggested  that  the  pressure  at  the  front  of 
the  shock  wave  in  (L.289)  be  computed  according  to  the  formula 

8  i/2 

%  *  ~J~  (PW)  1  B,  (78) 

where 

p  -  is  the  density  of  the  liquid; 

W  -  is  the  complete  pulse  energy  per  unit  of  length  of  the 
channel ; 

T  -  is  the  length  of  the  energy  pulse; 

-  is  the  function  of  the  relationship  of  the  thermal 

capacities . 


If  the  length  of  the.'front  is  symbolized  by  0,  then  for  a 
time  the  amount  of  B  „  ^  Q 


From  an  analysis  of  this  formula  it  is  concluded  by  the  author 
(L.289)  that  the  pressure  grows  with  an  increase  of  the  density 
of  the  liquid  and  the  total  energy  of  the  pulse,  as  well  as  during 
a  decrease  of  the  overall  length  of  its  front.  Calculations  of 
according  to  (78)  provides  values  that  are  more  overstated  (by  4  to 
5  times)  than  according  to  (77) (L. 287). 


But  gas  laws  can  be  used  for  a  rough  determination  of  the 
pressure  in  a  closed  discharge  channel  with  a  gas  atmosphere. 

Let  us  examine  the  behavior  of  a  gas  in  a  closed  cubic  vessel 
with  a  length  of  walls  of  LI.  An  individual  molecule  flying 
with  a  speed  v  perpendicular  to  one  of  the  walls  collides  with 
it  and  rebounds  back.  In  this  case  the  amount  of  motion  of  the 
molecule  equal  to  the  impulse  of  the  force  changes  by  an  amount 
2mv  »  LVb t  where  is  the  duration  of  the  shock,  and  AF  is  the 
force. 
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According  to  Newton’s  third  law,  the  wall  should  be 
acted  upon  by  a  force  which  can  be  represented  as  acting  con¬ 
tinuously  for  a  time  At  which  is  necessary  for  the  molecule  to 
fly  to  the  opposite  wall,  rebound  off  it  and  return  back.  Its 
force  AF  will  be  less  than  AF,  but  the  impact  should  be  the  same: 

however 


and 


AFAt  *  2mv; 
2  A  Z 


At 


aF 


mv 


AZ 


The  other  molecules  of  n  will  move  with  different  speeds 
Vj,  v2  ...  vn,  and  the  force  of  the  impact  will  be  determined 
by  their  sum; 


aF 


i- 

3 


nmv' 

AZ 


(79) 


~7~ 

where  v  is  the  average  value  of  the  squares  of  these  speeds. 

The  number  of  molecules  moving  between  the  front  and  back 
walls  is  assumed  to  be  equal  to  1/3  n.  If  both  parts  of  (79) 

O  I 

are  divided  by  AZ  (the  area  of  the  wall),  then  F  will  be 

“Sir- 

equal  to  the  pressure  upon  this  wall,  and  will  be  equal  to 

AZZ 

the  number  of  molecules  in  a  unit  of  volume  Nq.  For  this  reason 


but 


w 


H  P~NJlT. 


(80) 


When  replacing  Nq  from  (56)  for  the  pressure  in  the  discharge 
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channel  we  get: 


,,  ^  N-fykT 


(81) 


By  substituting  into  (81)  the  values  of  T  for  transformer 
oil  from  the  preceeding  section,  we  get  1.3*i05  atm.  This 
amount  is  close  to  the  pressure  which  was  computed  according  to 
the  formula  (78).  There  is  no  doubt  that  at  such  large  pres¬ 
sures  expansion  of  the  channel  will  at  first  occur  due  to  compres¬ 
sion  of  the  liquid.  In  this  case  the  pressure  will  lower.  In  very 
small  segments  of  time,  as  has  been  noted,  a  state  of  liquid  vis¬ 
cosity  may  not  yet  form,  and  the  energy  of  compression  will  be  in 
the  form  of  potential  energy  of  molecules. 

It  should  be  noted  that  such  compressions  can  be  considerable, 
even  in  as  poor  a  compressible  as  water.  An  idea  of  this  can  be 
obtained  from  Table  49  (L.290). 


Table  49 

Volumetric  decrease  of  water  for  various  pressures  and 
and  temperatures  —  0.50  and  95°C 


pressure 

•9* 

0’C 

50*  C 

04*  c 

0 

1,0000 

1,0119 

1,0395 

1000 

0,9557 

0,9741 

0,9984 

5000 

0,8625 

0,8824 

0,9009 

10000 

— 

0,8192 

0,8352 

It  is  known  that  tangential  elasticity  cannot  be  observed 
in  the  case  of  slow  deformations,  because  the  viscosity  is  great. 
But  with  the  rapid  action  of  an  outside  force  the  viscosity  is 
almost  unnoticeable  at  the  first  instant,  whereas  the  elasticity 
appears  to  its  full  extent  (1.291).  As  far  back  as  Maxwell  it  has 
been  assumed  that  the  speed  of  resorption,  or  the  relaxation  of 
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tangential  forces  arising  in  liquids  during  the  action  of  this 
force,  is  proportional  to  its  size  (L. 292) .  From  the  solution 
of  the  differential  equation  during  harmonic  conditions  of  de¬ 
formation  it  is  proven  that  a  liquid  can  behave  as  a  solid  body 
when  there  is  a  very  quick  application  of  force.  In  this  work 
(L.293)  it  is  shown  that  even  a  brittle  shattering  is  observed 
in  liquids  under  these  circumstances. 

The  high  pressure  within  the  discharge  channel  evidently 
arises  within  a  period  of  several  tenths  of  a  microsecond.  After 
this,  at  some  definite  moment,  the  liquid  will  behave  like  a  solid 
body,  and,  in  spite  of  the  high  pressures,  its  ejection  will  occur 
only  after  the  lapse  of  some  time,  as  was  observed.  Apparently, 
this  should  be  characteristic  for  each  liquid  taken  separately. 


Fig.  116.  Oscillograms  of  the  breakdown  of  liquid  dielectrics 
with  a  positive  and  plane. 


Such  discharges  are  usually  extremely  intense  during  the 


-250- 


breakdown  of  transformer  oil  and  xylene  without  great  limitations 
of  the  discharge  current.  They  break  off  the  discharges  at  still 
comparatively  large  voltages.  But  in  the  case  of  breakdowns  of 
liquids  of  great  viscosity,  such  as  a  solution  of  ethyl  celluse 
in  toluene  and  pentadichloradiphenyl,  ejections  are  not  observed, 
and  the  discharge  after  the  initial  breakdown  continues  almost 
until  the  end  of  the  action  of  the  implied  impulse.  The  corres¬ 
ponding  oscillograms  are  presented  in  Fig.  116.  They  were  recorded 
during  breakdowns  of  a  gap  of  '  -  o  between  a  positive  and  a  plane. 

The  period  of  the  sinusoidal  oscillations  on  the  axes  of  the  abcissas 
is  equal  to  44  microseconds.  The  discharge  current  did  not  exceed 
1.3  amp.  Explanations  of  the  oscillograms  are  given  in  Table  50. 


Table  50.  Explanation  of  oscillogram  in  Figure  116. 


Oscillo¬ 
gram  no. 

Liquid 

Initial 

break¬ 

down 

voltage 

Time  of  rapid 
deionization 
occurence 

ysec 

Discharge  j 

attenuation  i 
time 
usee 

I 

Transformer  oil 

12.0 

370 

>2000 

II 

Xylol 

14.0 

400 

400  \ 

III 

6%  solution  ethylcellulose  in  toluol 

8.0 

>1500  j 

IV 

Pentachlorodiphenyl 

14.8 

- 

>1500 

According  to  Oscillograms  I  and  II,  the  time  during  which 
the  plastic  properties  (viscosity)  of  the  transformer  oil  and 
xylene  could  appear  is  approximately  equal  to  370  and  400  micro¬ 
seconds.  At  a  distance  between  balls  of  0.2  mm  this  time  in 
xylene  was  equal  to  around  250  microseconds  according  to  Oscillo¬ 
gram  I  of  Fig.  110.  The  above-mentioned  difference  must  apparently 
be  attributed  to  the. difference  must  apparently  be  attributed  to 
the  different  pressures  in  the  discharge  channel. 


In  Illustration  I  of  Fig.  116  Oscillogram  A  was  recorded 
without  breakdown  of  the  gap,  while  Oscillogram  B  was  recorded 


with  breakdown.  After  abrupt  de-ionizatiun  of  the  channel  and 
an  increase  of  the  voltage  to  4.5  kv  the  transformer  oil  was 
breached  again.  Voltage  peak  V  was  formed,  after  which  the  dis¬ 
charge  continued  more  than  2000  microseconds.  But  such  repeated 
breakdowns  do  not  always  form.  In  approximately  half  the  cases 
the  discharge  after  abrupt  de-ionization  breaks  off  once  and  for 
all,  as  in  the  breakdowns  of  xylene  (see  D  of  Oscillogram  II). 

Apparently  the  forces  of  cohesion  of  the  molecules  in  the 
solution  of  ethyx  cellulose  in  toluene  and  the  solution  of  penta- 
chlorodiphenyl  were  great,  and  in  the  comparatively  short  time  of 
the  action  by  the  high  pressure  the  plastic  properties  did  not  have 
time  to  appear’.  It  must,  however,  be  noted,  that  the  questions  under 
consideration  are  almost  completely  unstudied. 
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CHAPTER  EIGHT 


THEORIES  OF  BREAKDOWN  TAKING  INTO  ACCOUNT  THE 
INFLUENCES  OF  TEMPERATURE,  DISSOLVED  GASSES  AND  MOISTURE 

8-1.  Some  Notes  on  Breakdown  Theories 

The  breakdown  of  liquid  dielectrics  as  was  shown  above 
is  characterized  by  extremely  complex  phenomena.  Therefore 
the  development  of  some  general  theory  of  breakdown,  in  which 
we  would  find  the  reflection  of  all  the  necessary  irregularities 
can  be  considered  an  extremely  complicated  matter.  Authors  of 
the  existing  theories  generally  have  not  attained  to  such  a  goal, 
either.  As  a  rule  it  has  become  a  more  restricted  problem  - 
to  explain  only  a  few  regularities  or  only  one  of  them.  Many 
theories,  moreover,  give  only  the  qualitative  character  of  one 
regularity  or  another.  It  is  well  known  that  in  the  past  several 
decades  the  theory  and  practice  of  gaseous  discharge  has  mush¬ 
roomed.  In  the  development  of  the  theoretical  concept  of  the 
breakdown  of  liquid  dielectrics  much  has.  been  accomplished  in 
bringing  from  that  which  was  earlier  was  obtained  just  in  an  in¬ 
vestigation  of  the  electrical  strength  of  gases.  Such  relations 
were  extremely  useful,  for  example,  for  understanding  of  the 
processes  of  impact  ionization-,  field  distortion  by  space  charges, 
etc. 

The  structure  of  liquid  dielectrics  is  still  weakly  studied 
and  this  is  the  basic  lag  for  the  extinction  of  a  more  general 
theory  of  electrical  breakdown.  As  is  known,  the  structure  of 
solid  crystal  dielectrics  is  studied  significantly  better.  This 
to  a  significant  degree  has  also  facilitated  the  development  of 
breakdown  theory,  for  example,  of  alkaline  helogen  crystals.  The 
calculated  and  experimental  values  of  their  breakdown  strength  were 
closely  coincident  fL. 294-296).  This  success  exerted  a  certain 
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influence  also  upon  the  development  of  the  theory  of  electrical 
breakdown  of  liquids.  It  was  shown  for  example  that  the  break¬ 
down  strength  of  carbon  tetrachloride  can  be  determined  by  formulas 
derived  for  aklaline  helogen  crystals.  The  experimental  and  cal¬ 
culated  value  of  in  this  case  also  offered  a  satisfactory  cor- 
respondant. 


8-2.  The  Gas  and  Gas-thermal  Theory  of  Breakdown 
of  Liquid  Dielectrics 

Attention  has  been  paid  for  a  long  time  to  the  circumstance 
wherein  in  a  liquid  after  undergoing  stress  in  the  determined 
condition,  gas  bubbles  are  formed.  It  was  noted  that  their  ap¬ 
pearance  affects  the  development  of  the  breakdown  (L.297  and  298). 
These  experimental  facts  served  as  starting  points  for  Gemant’s 
construction  of  a  theory  of  breakdown  of  isolated  liquids  (L.299 
and  300). 

According  to  this  theory  the  breakdown  is  formed  not  in  the 
liquid  but  in  the  bubbles  which  are  formed  from  the  accluded 
electrodes  and  the  fluidity  of  the  gas.  Gas  bubbles  at  the  elec¬ 
trodes  are  charged  with  the  same  sign  as  the  electrode.  The  elec¬ 
trical  field  distends  them  and  changes  the  energy.  By  such  exten¬ 
sion  the  force  of  the  surface  tension  is  impaired. 

For  simplifying  the  problem  only  two  conditions  are  examined: 

1)  when  the  volume  of  the  bubbles  remains  unchanged  in  their 
extension,  i.e.,  the  height  of  the  bubble  is  increased 
and  the  area  of  the  base  diminishes; 

2)  when  the  area  of  the  base  remains  unchanged  but  in 
elongation  the  volume  is  increased.  This  increase,  ac¬ 
cording  to  Gemant’s  assumption  can  take  place  on  account  of  sup* 
plementary  portions  of  gas  drawn  into  bubbles  from  the  electrode. 
It  is  further  postulated  until  deformation  has  the  form  of  a  hemi- 
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sphere  of  radius  r  and  after  extension  the  form  of  a  semi¬ 
ellipsoid  with  the  major  axis  a”*. 


The  energy  of  deformation  of  the  bubble  W  can  be  set 
equal  to; 

W  -  aWx  +  $W2,  (82) 

where  a  and  8  -  are  coefficients  characterizing  the  change  in 
volume; 

-  is  the  energy  of  deformation  of  the  bubble  in  a  constant 
volume; 

W2  -  is  the  same,  but  with  a  constant  base. 


In  the  case  where  in  the  distortion  of  the  bubble  its  energy 


is  increased  and 


~>0. 

i*~  *  qK 


then  the  deformation  does  not  occur  at  all.  And  if 

tim  -£-«>, 

then  the  equilibrium  will  be  destroyed  and  the  deformation  follows, 


In  the  expressions  just  derived  y 


denotes  the  degree  of 


deformation.  The  change  in  sign  of  the  derivative  will  be 
determined  by  the  quantity  of  applied  voltage  Ej.  This  change 
is  taken  for  criterion  of  the  beginning  of  the  test.  Consequently 
Ej  may  be  considered  to  be  the  breakdown  voltage. 


The  energy  of  the  bubble  deformation  W  (82)  depends  upon 
the  electrical  energy  W£,  the  surface  energy  ,  and  also  the 
work  against  the  forces  of  .  For  the  electrical  energy  when 
the  deformation  of  the  bubble  takes  place  with  a  constant  volume, 


one  can  write; 


W'jsj _ ' 

.  !-*»•/ 1 


r*E* 


where  e  3 


A7! 


«»  \2*  1—  t  } 


(83) 


is  the  eccentricity  of  the  ellipsoid. 
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The  energy  with  a  constant  base 


v;»- 


l«A£* 


here 


t±Ai  <  <.4±a_A  ‘ 

*»  \  2*.  »-*i  / 


(84) 


The  surface  for  the  first  case  is  equal  to  : 

8?i=Mp-r  w*Jl — IjJ, 

and  for  the  second: 


(85) 


r  +  7  ore  sin  e\; 

%  '  (86) 

In  these  formulas  y  is  the  coefficient  of  surface  tension  and 
S  is  the  surface  of  the  semi-ellipsoid. 

The  work  against  the  pressure  forces  for  the  first  case 
can  be  expressed  thusly: 


Wj  »  0. 

and  for  the  second: 

wp  -  2*-  r3uP;  (87) 

here  P  is  the  pressure  in  the  bubble. 


The  breakdown  voltage  is  found  from  the  expression  of  the 
maximum  total  deformation  energy  W  with  y  **  1: 

where  ——  »  n,  we  obtain:  hm  — J- +  n Ihn 0. 

a  *—1  n- 1 

(88'' 

The  roef ^ici^nt  n  depends  upon  the  viscosity  y  of  the  sub¬ 
stance  studied.  With  an  increase  in  y  the  probability  of  defor- 
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mation  with  a  constant  should  also  increase. 

Inserting  in  (88)  the  vaules  of  and  Wj  from  the  fore¬ 
going  equations  (83),  (84),  (85),  (86),  and  (87)  for  the  break- 

v 

down  voltage  with  B  <  0  1  we  °^ta^n  an  expression  (in 
absolute  value) :  71 


where  k  is  a  constant  independent  of  q. 

The  breakdown  voltage  calculated  from  formula  (89)  in 
some  coincides  with  experimental  values.  Its  formula  relates 
Ebr  t0  tIie  viscosity  t*16  liquid,  its  gas  content,  and  also 
with  the  gas  content  of  the  electrodes  and  the  pressure  in  the 
bubble.  The  details  of  the  breakdown  mechanism  remain  unknown. 
Apparently  it  can  be  considered  that  the  expression  (89)  will  be 
more  satisfactory  for  small  distances  between  electrodes  when 
one  bubble  in  distortion  may  overlap  the  entire  interelectron 
interval. 

According  to  Edler’s  theory  (L.301)  an  electrode  with  occluded 
gas  bubbles  may  be  considered  separate  from  a  liquid  of  the  thin 
gas  layer.  It  is  understood  that  the  electro-conductivity  and  the 
heat  conductivity  of  the  layer  is  less  than  it  is  in  the  liquid. 

In  such  a  layered  dielectric  the  applied  current  is  determined  by 
the  inverse  of  the  conductivity.  Edler  showed  that  the  greatest 
temperature  in  the  equilibrium  state  will  be  on  a  boundary  between 
the  gas  layer  and  the  liquid  layer.  The  voltage  of  the  applied 
field  is  taken  into  account  by  the  breakdown  voltage  in  which  the 
indicated  temperature  is  raised  to  so  much  that  the  liquid  begins 
to  boil. 

The  amount  of  heat  evolved  per  unit  of  time  with  flat  elec- 
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trodes,  the  current  I  and  the  .voltage  U,  will  be  equal  to 

IU  -  /(U)U  »  I2R;  (90) 

here  I  ■  /(U)  is  the  known  dependence  of  current  upon  voltage; 

R  -  is  the  sura  of-  the  distances  of  the  liquid  and  the  gas 
layer. 

In  specific  resistances  of  the  layer  p ^  and  of  the  liquid 
dielectric  p2  the  overall  resistance  in  (90)  may  be  presented 
thusly : 

R  »  21pj8  +  p2(h-a)]  «  Apx, 
where  a  -  is  the  thickness  of  the  gas  layer; 

2h  -  is  the  separation  between  electrodes. 

The  quantity  of  heat  evolved  in  the  gas  layer  will  then 
be  equal  to: 

I2PX  •  —  ttf(U).  (911 

A 

If  this  heat  is  equal  to  the  outgoing  heat,  then 

2 

Ipj  *  div  q, 

where  q  is  the  amount  of  heat  transmitted  per  unit  to  a  unit 
of  surface. 


In  the  layer  the  temperature  T  and  the  coefficient  of  heat 
conductivity  of  the  gas  layer  k^ 

q  »  k^grad  T; 


I 


For  the  one-dimensional 


(92) 

-k^div'grad  T. 

case  with  a  sufficiently  large  area 
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of  the  electrodes,  it  follows  from  (93)  that: 

#T 


d* 


The  solution  of  this  equation  relative  to  the  gas  layer  yields: 


T  - - -r  /* +  Cj*  +  Cji 

*  *» 


(93) 


The  constants  and  C2  may  be  determined  from  the  boundary 
condition. 

With  a  continuous  process  and  x  *  a  or  X  §  2h  -a 

“‘-(S.. _ •. 

where  k2  is  the  heat  conductivity  of  the  liquid. 

If  we  set  x  ■  0  or  Jfc  ■  2h  and  designate  the  temperature 
of  the  electrode  as  Tq,  the  following  equality  is  obtained: 


T  -  Tq. 


If  the  heat  evolved  in  the  dielectric  is  negligeable 
compared  to  the  heat  in  the  gas  layer  around  the  electrode 
and  with  k2  >>  kj,  and  also  p2  «  Pj>  according  to  Edler  we 
can  take  divq  *  0.  With  these  assumptions  the  values  of  Cj 
and  C2  are  determined  from 

L  h  c,»r^ 

*» 

,  M _ 


Bmm _ 

1 _ »d— 


and  the  equality  (93)  may  also  be  written  in  the  following  form: 
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On  the  boundary  of  the  liquid  and  the  gas  with  x  &  aT  ■  Tav  . 
■*  in  3  a 

For  this  case 


/*?»  “  —  rj  =»  vn?f(unj>). 


(94) 

As  was  already  noted,  for  the  breakdown  criteria  of  Edler 
the  condition  was  taken  in  which  T  av  is  equal  to  the  boiling 
temperature :Tmax  ■  -  f(P)  where  P  is  the  pressure.  The 

experimental  curves  of  the  function  V  ■  f(Tknp-  p)  a«reed 
with  the  theoretical  curves. 


The  spacing  between  the  electrodes  enters  into  a  and  /(U). 

According  to  Edler,  p,  -  The  value  of  p,(h-a)  in  corapari 

-i.  >  10“'  *  4 

A 

K1 

son  to  apj  and  the  dependence  between  Ubr  and  h  is  simplified. 


The  time  t  from  the  beginning  of  the  voltage  untill  the 
breakdown  may  be  determined  from  the  expression  for  the  quantity 
of  heat  Q  which  must  be  expended  to  bring  the  liquid  to  a  boil: 

Q  -  <TknP  “  Vc0d>  <95> 


where  cQ  is  the  heat  capacity;  d  is  the  specific  weight. 


On  the  other  hand,  Q  *  I2  p^r;  therefore 

_(Tknp~  Vc0d 

I2P, 


(96) 


Thus,  from  Eular’s  formula  one  can  determine  U^r  as  a  func¬ 
tion  of  the  separation  between  the  electrodes  and  the  time  of 
exposure  or  the  length  of  time  the  voltage  is  applied. 


As  a  basis  of  both  theories  highly  simplified  and  not 
entirely  concepts  on  the  physics  of  the  breakdown  phenomemon 
are  set  down.  It  was  already  noted  above  that  in  Geraant’s  theory 
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impact  ionization  is  not  taken  into  account.  Edler’s  theory 
is  based  primarily  on  the  examination  of  thermal  processes. 
Basically  neither  one  reflects  modern  views  on  the  breakdown 
mechanism.  However,  the  concept  of  the  important  role  of 
gas  bubbles  in  the  formition  of  the  breakdown  of  liquid  dielec¬ 
trics  even  now  has  not  lost  its  meaning. 

8-3.  The  Heat  Theory  of  Breakdown 

As  is  known,  a  liquid  heats  up  when  a  current  passes  through 
it.  Its  volumetric  specific  resistance  is  reduced,  and  the  cur¬ 
rent  increases.  If  the  heat  outflow  form  the  interelectrode 
gap  is  sufficient,  then  the  temperature  of  the  liquid  will  be 
progressively  increased  until  breakdown. 

It  is  known  from  experiments  that  increasing  the  temperature 
until  the  liquid  boils,  its  breakdown  is  strongly  reduced  (See 
Fig.  20),  The  field  strength,  in  which  the  boiling  begins,  is 
taken  for  the  breakdown  voltage  in  a  theory  of  Semenov  and  Val'ter 
(L. 302) .  The  parameters  determining  the  process  of  breakdown 
formation  of  liquids  in  this  theory  have  the  following  designation: 

Q  -  is  the  amount  of  heat  evolved  in  the  liquid  during 
1  second  in  a  field  intensity  E; 

Q2  -  is  the  amount  of  heat  going  out  during  the  same  period 
by  the  mechanisms  of  heat  conductivity  and  convection; 

T  -  is  the  temperature  in  a  more  heated  local  section  between 
the  electrodes; 

Tq  -  is  the  temperature  of  the  medium  surrounding  this 
portion. 

According  to  the  assumptions  of  the  authors  indicated: 

Qx  -  aEn  (97) 

and 

Q2  ■  b(T-To) *  (98) 
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In  these  equations  a  and  b  are  proportionality  constants.  Here 
it  is  also  assumed  that  when  the  liquid  is  boiling,  a  gas  bridge 
is  formed  between  the  electrodes,  in  which  the  breakdown  forma¬ 
tion  also  begins.  Of  course,  the  condition: 

Qx  >  Q2  (99) 

Qx  »  Q2  +  0 

should  without  fail  be  satisfied.  Here  e  is  a  positive  quantity. 

From  (97),  ($S).  and  (99),  it  follows  that: 

"<r  '  b(Tk„p  -  V  *  o 

and  Ebr  "  J  A^Tknp  '  V  *  B'  (100) 

From  equation  (100)  one  can  establish  a  qualitative  dependence 
of  Ebr  upon  the  temperature.  During  an  increase  of  Tfl  the  value 
of  Ebr  should  increase.  Inasmuch  as  the  boiling  temperature  Tknp 
is  generally  determined  by  the  pressure  P,  the  dependence  Ebr«/(P) 
can  also  bo  established.  Cooling  the  liquid  or  the  heat  going 
out  in  the  electrodes  may  decrease  with  an  increase  in  the  inter¬ 
electrode  distance.  Consequently  formula  (100)  includes  also  the 
dependence  Ebr  *  /(Z); carrying  away  the  heat  in  the  electrodes 
already  suggests  the  dependence  Ebr  upon  the  material  of  the 
electrodes, because  the  heat  conductivity  of  the  metals  is  generally 
not  the  same. 

Formula  (100)  evidently  cannot  be  extended  to  a  short  applied 
voltage  duration.  It  is  possible,  of  course,  to  confirm  that 
for  a  quick  increase  in  it  is  necessary  to  increase  E,  but  the 
mechanism  of  breakdown  formation  may  change  in  this. 

The  same  formula  for  Ebr  as  in  (100),  is  introduced  more 
than  thirty  years  later  by  Sharbo  and  Divins  (L.303).  Their 
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theory  is  based  upon  experiments  a  description  of  which  is 
given  in  (L.221).  The  authors  indicated  consider  that  with 
F.  »  1.6  mv/cm,  even  in  the  case  where  short  impulses  are  con¬ 
nected,  the  heat  evolved  is  sufficient  for  local  boiling  of 
n-hexane  and  formation  of  gas  bubbles. 

Calculations  showed  that  when  applied  to  liquid  hydro¬ 
carbon  of  the  paraffin  series  the  coincidence  of  data  calculated 
from  formulas  (100)  and  experimental  data  of  E^r  is  good  when 
n*3/2. 


A  more  valid  approach  to  an  explanation  of  the  mechanism 
of  the  heat-up  of  liquid  is  made  by  Guenterschultz  (L.304  and  305). 
Each  dielectric,  as  is  known,  has  a  volumetric  conductivity. 

When  the  voltage  is  switched  on  an  ion  moving  between  the  elec¬ 
trodes  in  a  viscous  medium  should  experience  a  certain  friction. 

The  greater  this  friction,  the  greater  the  heating  of  the  liquid 
will  be.  At  a  certain  voltage  E  the  liquid  bcils  and  behind  the 
moving  ion  a  submicroscopic  gas  path  is  created,  in  which  a  dis¬ 
charge  may  occur. 

From  experience  it  is  known,  that  E^  is  increased  in 
increase  of  pressure  upon  the  surface  of  the  liquid.  This 
circumstance  is  treated  here  as  a  change  in  the  length  of  the 
free-moving  electron  in  the  gas  canal  and  it  is  asserted  that  with 
a  sufficiently  low  pressure  and  corresponding  voltage  ions  in 
the  gas  canal  may  accumulate  energy  between  two  collisions  suf¬ 
ficient  for  ionization.  It  may  be  noted  that  this  assertion 
is  the  weakest  point  of  the  theory. 

Let  us  assume  that  the  pressure  on  the  surface  of  the  liquid 
is  equal  to  zero  (P  *  0)  and  that  the  breakdown  is  formed  as  soon 
as  the  gas  canal  is  formed.  Now  if  this  pressure  is  increased 
then  the  length  of  the  free  path  will  be  decreased  and  for  a  break- 
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down,  E  must  be  increased: 


E,  *  E.  +  AE 

br  knp 

where 

AE  *  /( P). 

It  is  known  that  A 

I, 

«  -p—  ,  therefore: 

E  «  JL  .  JUL.  .  aP,  (101) 

Ae  ek 

where  k  and  a  are  coefficients;  W  is  the  kinetic  energy  of 
the  ion  to  the  end  of  one  free  path;  E  is  the  charge  of  the  ion. 

Therefore, 


Bbr  '  aP  +  Eknp  '  aP  ‘  b- 


(102) 


According  to  the  data  of  Section  2-3,  it  follows  that  with 
pressures  greater  than  atmospheric  pressure  Ebr  increases  non- 
linearly  and  asymptotically  approaches  a  certain  limiting  quantity 
En,ax  <see  Fi8.  21  and  22).  The  corresponding  E,„  pressure  P0 
does  not  exceed  several  dozen  atmospheres.  In  comparison  with 
the  inside  pressure  of  the  liquids  (approx.  2000  atm),  PQ  is 
insignificantly  small  and  can  hardly  change  the  average  lengtl. 
of  the  free  path  of  the  ion. 


8-3.  A  Theory  of  Breakdown  Taking  Into  Account  the 
Influence  of  Moisture 


In  the  account  of  experimental  data  of  the  influence  of  the 
addition  of  water  upon  U^r,  it  was  shown  that  isolated  liquids 
may  contain  water  both  in  a  dissolved  molecular  state  in  emulsions; 
the  most  dangerous  of  which  concerning  a  reduction  of  being 
the  emulsified  state. 
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For  an  explanation  of  the  mechanism  of  reducing  U^r  in 
wetting  liquid  dielectrics,  Gemant  (L.75)  suggested  one  more 
theory,  according  to  which  the  breakdown  is  formed  along  a 
conducting  bridge  of  suspended  and  polarized  water  canals. 

Thus,  this  theory  may  comprise  also  the  emulsified  state 
of  water  in  liquids. 

When  a  constant  voltage  is  switched  on,  round  water  drops 
may  also  be  deformed  and  assume  an  elliptical  shape.  In  a 
corresponding  field  intensity  which  is  assumed  to  be  homogeneous 
they  form  a  dense  water  canal  with  an  increased  conductivity.  The 
extension  of  the  drops  is  characterized  by  the  levation  of  their 
initial  radius  in  the  absence  of  a  field  when  they  had  a  spherical 
shape  to  the  major  axis  of  an  ellipsoid  after  their  distinction 
by  the  field. 

The  overall  energy  of  the  polarized  ellipsoid,  as  is  known, 
is  equal  to  W  «  Wj  +  W2  where  Wj  is  the  energy  of  the  surface 
tension  of  the  ellipsoid  of  revolution,  and  W2  is  the  polariza¬ 
tion  energy.  The  first  component  may  be  written  in  the  following 

manner:  _ _ 

.  Wj  >=  2vr2Y(/  l-e2-  (103) 

where  y  -  is  the  coefficient  of  surface  tension  on  the  boundary 
of  the  water  and  the  liquid  of  the  dielectric; 
r  -  is  the  radius  of  the  drop  in  spherical  shape  until 
deformation; 

e  -  is  the  eccentricity. 

The  second  component  W2  in  a  homogeneous  field  intensity  E 
and  electrical  moment  of  the  ellipsoid  Pq  is  equal  to: 

wz - r  i’oE-  »04> 
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1 


Pa  «  —  • 


■  '  .  (ios) 

where  e  is  equal  to  the  ration  of  the  dielectric  permeability 
ef  the  gas  in  a  spherical  cavity  t'  and  liquid  t" . 

Therefore,  the  total  energy  from  (103),  (104),  and  (105) 
can  be  presented  in  the  following  form: 


ird  .  S.E 


(106) 


It  depends  upon  the  varia’ le  H  and  e,  the  radius  of  the  non- 
defcrmed  drop  r,  the  coefficient  y,  and  the  ratio  t'/z". 

The  deformation  of  the  drop  as  a  function  of  the 
eccentricity  e  in  a  given  field  intensity  E  can  be  determined 
from  the  condition  of  the  minimum  total  energy  (106): 

■  0 

3  e 

This  is  done  be  Genant  by  approximate  method  6f  .introducing 
two  independent  parameters 

<7  n  3  -  —  •  TT±=Z- 

. . 


The  first  of  them  depends  only  upon  the  field  E,  and  the  second 

depends  upon  the  major  axis  of  the  ellipsoid  of  revolution  and 

the  radius  of  the  sphere  of  the  undeformed  drop.  The  solution 

is  found  graphically  or  from  the  functional  curves  w 

a*/  ( - - - ) 

/n  Ivrh 
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dW 

in  various  values  of  Q  (from  3  to  10).  Moreover,  from  s  0  , 

Q  is  determined  fo'*'  o  >  4. 

It  should  be  noted  that  this  theory  neglects  the  interaction 
of  polarized  water  ellipsoids,  which  would  be  permissible  only  in 
small  concentrations  of  water  drops.  As  breakdown  criteria,  the 
applied  field  intensity  E  is  taken,  in  which  the  formation  of  a 
water  bridge  takes  place.  But  the  author  of  the  theory  considers 
that  the  condition  of  formation  of  such  a  bridge  need  not  necessarily 
be  the  contact  of  polarized  drops  one  from  another,  they  may  draw 
closer  themselves  under  the  action  of  coulomb  forces.  If  this 
self-approximation  is  not  considered,  and  it  is  considered  that 
drops  are  joined  in  a  dense  bridge  only  under  the  action  of  an 
applied  voltage,  then  the  value  of  Ebr  would  be  strongly  increased. 

According  to  the  derived  formulas  one  can  quantitatively 
determine  Ebr  as  a  function  of  the  degree  of  wetting  of  the 
isolated  liquid.  Gemant's  theoretical  curve  of  the  dependence 
of  Ebr  of  transformer  oil  upon  the  concentration  of  water  in  it 
closely  coincided  with  the  experimental  curve  in  Fig.  16. 

The  basic  deficiency  of  this  theory  can  be  considered  to 
be  its  sketchiness.  In  the  basis  of  the  breakdown  mechanism, 
ionization  processes,  cold  emission  from  the  cathode,  the  in¬ 
fluence  of  electrode  material,  the  formation  of  volume  charges, 
etc.,  do  not  figure  at  all.  By  Cohen's  rule  (L.88),  suspended 
foreign  particles  with  a  large  dielectric  permeability  are 
charged  positively  relative  to  the  solvent  with  a  decreased 
e  something  similar  should  take  place  also  with  suspended 
drops  of  water  in  transformer  oil.  In  the  case  of  an  applied 
voltage,  the  transmigration  of  charged  drops  and  oil  particles 
should  therefore  take  place.  This  physical  process  is  not 
taken  into  account  in  the  theory  either. 
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Concerning  the  close  coincidence  of  experimental  and 
calculated  data,  this,  evidently,  was  possible  mainly  on  account 
of  the  arbitrary  selection  of  the  quantity  E,  in  which  the 
process  of  the  self -approximation  of  the  polarized  bubble  of 
water  should  take  place. 

The  sketchiness  of  Gemant’s  theory  is  somewhat  corrected  in 
the  theory  of  Boeinpr  (L.306  and  307),  which  although  it  is  also 
tentative,  it  provides  an  answer  to  the  problem  of  the  sources 
of  current  bearers.  According  to  the  theory  the  same  water  drops 
from  which  the  dense  bridge  are  formed,  serve  as  these  sources. 
According  to  Boein°-  inside  the  drops  there  are  ions  in  which 
the  water  molecules  are  dissociated.  Part  of  these  ions  will  be 
absorbed  by  the  surface  of  the  canal.  The  chemical  nature  of 
the  liquid  dielectric  and  its  structure  is  considered  only  by 
the  amount  of  ions  which  can  be  absorbed  by  the  surface  of  the 
canal  from  the  water  drops. 

When  the  voltage  is  turned  on,  from  the  motion  of  the  ions 
inside  the  drop,  the  current  goes  along  the  canal.  The  ions 
absorbed  by  the  surface  of  this  canal  will  become  almost  motion¬ 
less  in  small  voltages.  Their  role  is  increased  only  in  completely 
specified  voltages.  The  current  between  the  electrodes  also 
sharply  increases.  The  voltage  in  which  this  increase  occurs, 
!3oeirf»  considers  to  be  the  breakdown  voltage.  In  principle 
the  same  picture  of  breakdown  formation,  according  to  this 
theory,  should  be  used  also  with  alternating  current,  if  during 
the  time  of  the  semi  period,  a  distribution  of  the  charges  along 
the  surface  of  the  canal  takes  place.  The  greater  the  frequency, 
the  greater  E^  should  also  be.  According  to  this  theory  there 
is  a  possible  between  U^r  and  the  length  of  the  spark  gap  l : 

ubr  "  al  *  hlZ'  (107) 
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For  special  cases  we  obtain  from  this  formula 

Ufar  ■  and  U^r  *  b .  (108) 

An  example  of  the  same  dependence  in  certain  liquids  in  specified 
conditions  is  also  observed  in  experiment. 

A  connection  can  qualitatively  be  established  between  U^r 
and  the  wetness  (formation  of  a  bridge  of  water  drops).  However, 
the  initial  state  of  the  theory  is  not  compeletely  evident.  The 
dynamics  of  breakdown  formation  are  not  reflected  in  the  theory 
either.  A  source  of  current  bearers  is  assumed  to  exist,  but  is 
latent  until  a  certain  moment.  Therefore  there  is  no  necessity 
of  including  the  mechanism  of  impact  ionization. 

From  the  point  of  view  of  contemporary  refinements  on  the 
developments  of  breakdown  the  mathematical  interpretation  of  this 
phenomenon  is  inadequate.  Meanwhile  a  convincing  theory  of 
breakdown  of  wet  liquid  dielectrics  has  still  not  been  suggested. 
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CHAPTER  NINE 


A  THEORY  OF  BREAKDOWN  TAKING  INTO  ACCOUNT  CHEMICAL 
TRANSFORMATIONS  IN  LIQUIDS,  COLD  EMISSIONS  OF  ELECTRONS,  AND 

IMPACT  IONIZATION 

0-1.  The  Volt-ionization  Theory 

In  Section  2-3  experimental  data  are  presented  on  the 
separation  of  gas  from  transformer  oil  when  a  constant  voltage 
is  switched  on.  There  it  was  noted  that  such  gas  separation  takes 
place  even  in  thoroughly  de-gassed  oil  during  a  certain  reduction 
in  the  outside  pressure.  The  same  thing  takes  place  in  liquid 
hydrocarbons  during  silent  electrical  discharges.  Thr  physical- 
chemical  properties  of  liquids  are  charged:  the  temperature  of 
flashover  is  increased,  the  specific  weight  in  increased,  etc. 

In  specified  applied  field  intensityies  in  hydrogen  or  nitrogen 
media  with  reduced  pressure,  in  liquids  luminous  blue  gas  bubbles 
are  formed  (L.154).  The  separation  of  gas  in  the  given  case  is 
a  consequence  cf  chemical  transformation  (voltol  ization) .  It  is 
suggested  thai;  in  an  electric  field  with  bombarding  of  molecules 
by  ions  of  the  gas  medium  and  in  the  chemical  interaction  of  liquids 
with  different  molecular  weights,  hydrogen  is  liberated.  In  the 
case  of  a  large  field  intensity  the  same  thing,  apparently,  may 
transpire  with  bombarding  of  molecules  by  electrons  emitted  from 
the  cathode. 

According  to  Florensky (L. 308) ,  the  breakdown  of  liquid  dielectric 
with  non-de-gassed  electrodes  is  formed  right  with  the  participation 
n*  i  v,o  processes.  In  the  electrodes  gas  bubbles  are 

always  present.  The  ionization  processes  begin  in  them  at  a  certain 
voltage.  From  the  ionic  bombardment  a  destruction  of  the  molecules 
of  the  liquid  takes  place  and  hydrogen  is  liberated.  The  volume 
of  the  bubble  and  its  charge  are  increased.  With  the  departure  of 
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negatively  charged  ions  such  bubbles  are  charged  with  the  same 
charge  from  the  electrodes.  As  a  result  of  electrostatic  repul¬ 
sion,  they  break  away  from  the  electrode  and  migrate  under  the 
action  of  the  electrical  force  F  »  qE  to  the  direction  of  the  other 
electrode.  Such  a  breakaway  takes  place  in  the  case  where  this 
F  is  equal  or  greater  than  the  force  of  the  surface  tension: 

qE  ■  2iryai  (109) 

Here  y  is  the  coefficient  of  surface  tension; 

a  is  the  radius  of  the  base  of  the  bubble. 

Reaching  the  opposite  electrode  and  becoming  neutralized, 
the  bubbles  will  rise  to  the  surface  of  the  liquid.  It  is  sug¬ 
gested  that  in  the  case  of  the  breakaway  there  remains  a  certain 
quantity  of  gas  which  will  serve  as  the  embryo  for  the  formation 
of  a  new  bubble,  etc.  At  a  certain  speed  of  these  processes  between 
the  electrodes,  finally  a  dense  bridge  is  formed  of  such  bubbles 
in  which  the  breakdown  is  formed. 

According  to  Vol 'kenshtayn  (L.309)  such  formation  is  possible 
in  a  condition 

AS  ■  9r  ■  vAx  (110) 

where  AS  is  the  spacing  between  the-  centers  of  the  two  closest 
bubbles  of  the  gas; 
r  is  their  radius; 

0  is  the  condition  constant; 

At  is  the  time  of  breaking  away  of  the  bubbles; 
v  is  the  speed  of  their  departure  from  the  place  of  forma  cion. 

The  velocity  v  according  to  Stokes,  is  equal  to: 

V  .  -aE-  (Hi) 

OTrrn 


-271- 


Let  us  designate  then  increment  on  the  surface  of  the  bubble 
for  the  time  At  as  AS  "  S-Sq  •*  S,rneS0,  where  SQ  is  the  initial 
surface  with  radius  a.  If  we  neglect  U,  then: 


«  const. 


(115) 


f  r 

Since,  according  to  (113),  »  then  the  breakdown 

condition  should  be  determined  by  the  product  of  the  viscosity  and 
the  velocity  of  the  increment  of  the  surface  of  the  bubble  or  the 
speed  of  increase  of  the  surface  energy.  It  may  be  further  assumed 


that 


where  n  is  the  number  of  gas  molecules  in  a  bubble, and  the  deriva¬ 
tive  dn/dv  should  determine  the  speed  of  the  process  of  voltoli- 
zation,  i.e.,  the  speed  of  bubble  formation,  and  consequently  also 
molecules  of  hydrogen.  However,  the  expanded  form  of  this  function 
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is  unknown;  therefore  the  breakdown  criterion  of  the  voltolization 
mechanism  can  be  formulated  only  qualitatively. 

It  is  completely  obvious  that  the  formulation  of  breakdown 
in  voltolization  can  take  place  only  in  the  case  of  a  prolonged 
applied  voltage.  From  the  formulas  derived  above,  it  follows 
that  the  speed  of  volotol  zation  increases  together  with  E.  There¬ 
fore,  the  factors  accelerating  this  process  should  decrease  the 
quantity  Bbr’ 

From  experiments  it  is  known  that  the  more  complicated  the 
hydrocarbon  molecule  in  the  homologous  series,  the  more  intensive¬ 
ly  the  process  of  voltolization  takes  place;  consequently,  «br 
should  be  reduced  according  to  the  degree  of  enlargement  of  the 
molecule  of  the  liquid.  This  is  as  if  it  we*e  confirmed  in  an 
experiment  more  than  half  a  centnry  ago  (L.310).  However,  in 
later  experimental  data  it  turned  out  that  the  value  Ebr  of  the 
liquid  hydrocarbons  of  the  paraffin  series  in  an  increase  of  the 
specific  weight  increase  (see  Section  1-3  and  Figs.  1  and  4).  This 
regularity  is  established  for  very  small  spark  gaps  (several  dozen 
microns).  Data  on  the  regularity  of  Ebr  upon  the  density  for 
longer  intervals  and  prolonged  applied  voltages  do  not  yet  exist. 

From  the  point  of  view  of  the  theory  in  question  one  can 
qualitatively  establish  also  the  intluence  of  frequency  of  the 
applied  voltage  upon  Ebf.  If  the  time  At  in  the  course  of  which 
the  bubble  is  formed  and  breaks  away  from  the  electrode,  is  greater 
than  the  half  period  in  the  alternating  voltage,  then  the  break¬ 
away  may  not  exist  and  the  entire  charge  of  the  bubble  in  the 
alternating  sign  of  the  applied  voltage  migrates  to  this  electrode. 
Consequently,  in  an  increase  of  the  frequency  Ubr  should  increase. 
In  a  frequency  range  of  50-500  Hz.,  this  is  significantly  observed 
in  breakdowns  of  transformer  oil  and  hexane. 
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9-2.  The  Theory  of  Breakdown  Taking  into  Account 
Cold  Emissions  of  Electrons  from  the  Cathode 


The  existence  of  cold  emission  of  electrons  from  the  cathode 
as  was  noted  above,  is  shown  by  experimental  means.  The  question 
arose  on  its  influence  upon  the  quantity  Ej)r  of  liquids.  The 
theory  of  Bragg,  Sharbaugh,  and  Crowe  (L.151)  is  devoted  to  this 
question.  In  the  theory  is  considered  only  the  pre-distribu¬ 
tion  of  the  applied  voltage  along  the  spark  gap  from  the  appearance 
of  the  volumetric  negative  charge.  The  acceleration  of  the 
electrons  by  the  applied  field  and  the  impact  ionization  related 
to  this  is  not  taken  into  account  in  the  theory.  The  diffusion 
of  emitted  electrons  is  also  omitted. 


In  the  formation  of  volumetric  negative  charge  the  voltage 
of  the  field  at  the  cathode  is  decreased,  but  is  increased  in 
the  remaining  length  of  the  inter-electrode  gap.  How  great  is 
this  increase  and  is  the  formation  of  breakdown  possible  in  places 
with  the  greatest  voltage  after  pre-distribution,  if  the  applied 
voltage  is  less  than  the  breakdown  voltage?  This  question  in  the 
theory  under  discussion,  is  basic. 


For  plane  parallel  electrodes  of  infinite  area  at  a  distance 
Z,  we  may  write: 


d*y  , 

3#  4 


■**Sana  0<‘^ 


(116) 

in  these  conditions  f  is  the  potential,  e  is  the  dielectric  per¬ 
meability,  p  is  the  density  of  the  volumetric  charge,  and  k  is 
the  mobility  of  the  charged  particles.  For  simplifying  the  prob¬ 
lem  the  positive  ions  are  not  taken  into  account. 


In  grounding  one  electrode,  the  boundary  conditions  will  be 
the  following: 
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(117) 


f 

-  0 

for 

x  * 

o; 

-«0 

for 

X  ■ 

ii 

dtf 

-  Ev 

for 

X  * 

o; 

“  3x  K 

here  Ek  is  the  cathode  voltage. 


In  the  emission  of  electrons,  we  may  assume  for  now  that 
the  field  intensity  in  this  place  will  be  equal  to  0  (E^**  0). 
Then  the  solution  o*f  (116)  gives: 


xh . 

*7?r; 

(118) 

..Ja& _ 

(119) 

•**i5 

(120) 

The  voltage  at  the  annode  nay  be  determined  from  (118): 


E 


a 


(121) 


From  (120)  it  follows  that  the  current  density  does  not 
depend  upon  x.  Consequently,  for  X  *  0  when  E^  *  0  the  current 
in  the  given  boundary  conditions  will  not  be  equal  to  0.  Since 
however,  for  E^  ■  0  the  current  must  necessarily  be  absent,  then 
equaixon  (116)  should  be  solved  in  the  supplementary  boundary 
condition.  If  the  current  of  cold  emission  exists,  then  for 
x  «  0  the  quantity  j*  0.  In  this  boundary  condition,  from  the 
solution  of  (116),  for  the  potential  the  following  expression 

is  obtained:  f  /•='«  *  e'V',-£,1 

+  *)  T  (121, 


-275- 


If  we  set  »  0,  then  the  equation  coincides  with  (118). 

Since  according  to  (117)  for  x  *  Z,  the  potential^  *<Pq, 
then  from  (122)  we  obtain: 


(123) 


For  an  analysis  of  the  equations  obtained,  we  may  assume: 

ECp  »  (average  field  intensity); 

yv  *  (the  reduced  field  intensity); 

k  Ecp  ^  0 


_  8n  Z.J  _  SnZ^J  (the  reduced  current  density) 

n  *  - — .  *  '  • 

ckE  „„ 
cp 


then  (123)  takes  on  the  following  form: 

3/: 


2s'* 


n  *  j  I  (n  ♦  Yj.)  -  YkJ. 


(124) 


This  equation  determines  the  dependence  between  the  reduced  current 
density  and  the  field  intensity  at  the  cathode. 


The  reduced  voltage  at  the  annode  ya  ■  may  be  found  from 

cp 

the  differential  of  (122),  since 


E 


a 


In  Table  51,  the  values  of  y  and  n  are  presented  for 
different  y^.  These  relations  are  calculated  from  (124).  Using 
these  data,  we  may  trace  from  the  redistribution  of  voltage  in  the 
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inter-electrode  gap  to  the  formation  of  breakdown.  For  example, 
in  the  case  where  the  field  intensity  at  the  cathode  is  equal  to  0, 
then  at  the  anode  it  will  be  y  *  1.5,  i.e.,  three  halves  larger 
than  the  average  voltage.  For  0  <  y^  <1  the  field  intensity  at 
the  annode  will  be  greater  than  1  (ya  >  1).  From  the  table  it 
follows  that  for  cold  emission  of  electrons  from  the  cathode  the 
field  intensity  at  the  annode  may  be  significantly  larger  than 
average. 


TABLE  SI 

VALUES  OF  yk,  n  and  ya 


Yk 

0 

0.20 

*0.40 

0.60 

0.80 

1.0 

n 

2.25 

2.14 

1.84 

1.35 

0.70 

0 

Ya 

1.50 

1.48 

1.41 

1.31 

1.16 

1.0 

The  current  of  electron  emission  is  determined  by  the  field 
intensity  at  the  cathode;  the  sams  is  also  true  for  n: 


nk 


(125) 


From  the  data  of  Table  51  and  equation  (125),  for  a  qualita¬ 
tive  view  of  the  problem,  in  Fig.  117  a  graph  is  constructed  of  the 
current  n  and  the  reduced  voltage  Ea  at  the  anode  •  in  arbitrary 
units.  Along  the  axis  of  the  abcissas  here  is  laid  out  the  average 
voltage  ECp.  From  the  graph  it  is  evident  that  the  current  density 
increases  exponentially  along  curve  2,  if  there  is  no  volumetric 
charge;  when  there  is  a  volumetric  charge  the  current  changes 
according  to  curve  1. 
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Fig.  117.  Current  as  a  function 
of  field  intensity  at  the  annode 
and  the  average  voltage  of  the 
applied  field  in  arbitrary  units. 


1  -  the  actual  current;  2  -  the 
curve  of  current  emission  from 
the  cathode;  3  -  the  current  at 
the  annode  to  the  point  E. ,  4  - 
the  same,  but  with  values1E  >Ej 


For  small  values  of  the  average  field  intensity  ECp  *  E^ 
the  emission  current  is  small  and  the  field  intensity  at  the 
annode  does  not  yet  change  (point  3).  For  large  values  of  ECp, 
the  emission  of  current  increases  and  the  current  at  the  annode 
increases,  but  to  a  certain  limit  (curve  4).  In  the  present 
a-guments  it  is  assumed  that  the  mobility  of  the  electrons  does 
not  depend  upon  the  field  intensity;  consequently  the  possible 
capture  of  electrons  by  molecules  is  not  considered. 

For  a  different  quantity  of  field  intensity  at  the  annode, 
the  process  of  impact  ionization  may  begin  and  also  breakdown. 
Consequently,  in  the  theory  under  discussion  a  description  is 
given  only  of  the  pre-breakdown  stage,  when  the  necessary  condi¬ 
tion  is  created  for  such  formation. 

Let  us  assume  that  there  are  three  cathode  materials  with 
Uifferert  work  values  of  electron  removal.  The  current  density 
of  cold  emission  from  these  cathodes  J  as  a  function  of  the 
applied  field  intensity  E  is  shown  by  Curves  I,  II,  and  III  in 
Fig.  118.  The  dotted  curve  1  presents  the  current  density 
of  emission  which  *akes  place  in  the  actual  conditions  taking 
into  account  the  influence  of  the  negative  volumetric  charge. 
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in  the  case  wherte  the; cold*  emission/is  significant  only-  in  : 
voltages  greater  than  Ei.‘  But -if’ this  emission  is  comparatively 
large  in  voltages  E  -.’in  a  range  of  2/3  E.  -  E, ,  then  the  ' 

1  *  Cp  »*  ,  ,1'  1  .  *  v 

influence  of  the  cathode  material' may  not  b.e„  neglected.  . 

....  ,  .  ‘  •  ■'  •  :  '  '  *  * 

\  '  *  .  .  .  ‘  ,  , 

*  *  ,  ■  ,  i  •  , 

According  to  Swanrs- theory  (1); 311)  f  electron  emission  *is 
also  a  decisive  factor  in  the  development,  0*f  bfeakdowft,  but  the 
increase  in  positive  ions  by.  the  volumetric  charges  continues, 
which  ions  are  accumulated* at . isolated  or  semi-isolated  films  on 
the  cathode  .surface.  Impact  ionizatibn  '  in'  liquids  in  the 

formation  of  breakdown,  although  hot' rejected;, ..is  considered  an 

,r  ••  *  •  *.  .  ,  *  ,  « 

indecisive  factor.  *.  Sufch.  an  emission- Is  .made  on  the,  basis  of. 
current  measurements  in  n*:hexane  (see  Fig;  99),  in  voltages 
close  to  the  breakdown  voltage.  (L.147  and  Z21).  Swan  writes 
the  equation  for  electron  emission  from  the  cathode  in  the 
following  form: 

J  -  Ap?B_e“BZuV  ,  (126) 

C  v. 

where  Jc  is  the  density  of  electron  current}  , 

Ec  is  the  actual  field  intensity  in  the  presence  of  distor¬ 
tion; 

u  is  the  coefficient  of  local  field  strength; 

A  and  B  are  constants,  depending  upon, the  surface  of  the  cathode. 

It  is  assumed  that  u  does  not  depend  upon  field  intensity.  If 
the  field  from  the  positive  ions  is  designated  as  E+,  then 

Ec  -  Eq  +  E+-.  (127) 

when  there  is  no  volumetric  charge,  Ec  ■  E^. 

From  (196)  and  (127),  we  obtain: 

Jc  »  J0  fl  *  ^£±)eBE  +  .  (128) 

E0 
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V 


In  the  presence  of  charged  particles  between  electrodes, 

Leb  (L.271)  derived  a  formula  for  the  field  intensity  E  for  the 
distance  x  from  the  cathode: 

£  w  ■ -  “-£[£•*?  (H  -  (£ + h)af  (H  ]  • 

.  <  ...  (129 

where  a  is  the  coefficient  of  ionization  for  voltage  E; 

k+  and  k_  are  the  mobility  of  the  charged  particles; 
l  is  the  spacing  between  electrodes; 

e  is  the  dielectric  permeability  of  the  medium  (liquid). 

If  the  field  distortion  by  the  volumetric  charges  is  not 
large  throughout  the  inter-electron  space,  then  E  may  be  changed 
to  Eq  +  AE  (aE  <e0) . 


In  the  integration  of  equation  (129) t  the  coefficient  a  is 

taken  as  independent  of  the  field  o  •  an.  After  integration  and 
2  2  " 

substituting  E  «  Eq  +  2EqAE,  the  following  equation  is  obtained: 


(130) 


The  integration  constant  C.is  determined  from 


l 

/  A  E  d  x  »  0. 

0 


The  field  distortion  E+  may  be  determined  from  (130)  setting 
x  «  0: 


'  E+  *  GJ  , 


(131) 


where 


(132) 


In  a  small  intensity  of  impact  ionization,  when  is  small 
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(132)  is  simplified: 


2tt  Z 

•«M0 


(c*0Z-  —). 
u  k 


(133) 


From  (133)  it  follows  .that  the  sigji  of  field  distortion  is 
determined  by  the  quantiti.es  aQ Z  and  k+/k_.  It  is  known  from 
experiments  that;  ^ion.^pbijli^tioS;  in  liquid  dielectrics  are  not 
the  same,  and  the  ratio’ %+/jk.m  should  therei.ore. -characterize  the 
1  iquid .  For .  exfcmjJlO)]  :f o^E^,  kjr/cm >,  according  to  (L .  2 1 2 ) ,  for 
n-hexane  k+/k^  0  .:3d8.  i i^y  of  negative  ions  does  not 

depend  upon  the  field  to  5.00  ky/cp  (L.313).  But  in  higher  voltages 
according  to  the  data  of  (L.158),  it  evidently  is  significantly 
increased.  In  liquid ,  argqjq,;  according.  to,  (L.134).,  electrons  remain 
free  even  in  the  case. , of  very  spall  E,  and  for.  100  kv/cm,  the 

**■  *  '  A  “  .  '  * 

ratio  k+/k_  is  equal  to  10' 


H 


then 


If  the  value  of  fc+/'«c_  way-  he  neglected  in  comparison  to  a QZ, 


0- 


(134) 


According  to  the  data  of  (L.314),  for  argon 


(135) 


Substituting  (135)  in  (134)  and  calculating  (131)  for  the 
field  intensity  at  the  cathode,  we  obtain  the  expression: 


(136) 


If  wo  now  construct  a  graph  in  which  the  axis  of  the  ordinate 
gives  the  density  of  cathode  current  (126)  and  the  uoscissa  axis 
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gives  the  field  intensity  E-,  (136;),  then  for  certain  (arbitrary) 

V 

values  Eq  (1.15  mv/Cm),  e,k,y ,Z,A,B,C,  and  D,  twc  curves  are 
obtained  intersecting  in  two.  different  points.  One  point  of 
intersection  SWan  considers  to  have  no  physical  meaning,  and  the 
second  fits  the  established' regime  when  this  change  of  Gc  is 
absent.  For  two  othtr  arbitrary  values  of  Eq  (1.24  and  1.4  mv/cm) 
the  curves  do  no  t  int**  r  sect  .-  The  author  of  the  theory  considers 
this  characteristic  of  the  non-established  regime,  in  which  the 
positive  ions  at  the  cathode  continually  induce  emission  current 
to  the  breakdown  of  the  liquid. 

For  Bbr  the  value  of.  Ec  is  taken  in  which  two  curves  are 
tangent.  Although  a  stationary  regime  is  established  the  small 
value  of  Eq  gives  rise  to  a  continuous  current  increase  Jc>  In 
the  corresponding  selection  of.  the  value  of  B  in  (126)  the  cal¬ 
culated  dependence  curve  E^j.  *  ..til}  for  liquid  argon  closely 
coincides  with  the  experimental  curve. 

9-3:  Theories  Taking  into  Account  Cold  Electron  Emissions 
and  Impact  Ionization 

An  attempt  to  develop  a  theory  of  the  breakdown  of  liquids 
taki.ng  into  account  cold  electron  emission  from  the  cathode  and 
impact  ionization  is  done  by  Goodwin  and  McFadden  (L.91).  The 
effect  of  impact  ionization  is  also  considered  in  the  equation 
of  Loeb  (129)  but  in  assuming  that  the  ionization  coefficient 
a  throughout  the  points  of  the  inter-electrode  gap  are  the  same. 
Since,  however  o»f(E),  then  this  is  equivalent  to  assuming  the 
absence  of  an  induced  field  in  the  inter-electrode  space  from 
electrons  of  cold  emission.  In  the  foregoing  paragraph  it  was 
already  shown  that  this  does  not  correspond  to  reality.  The 
unconvincingness  of  the  basic  premises  is  comprised  mainly  in 
the  fact  that  the  influence  of  cold  emission  upon  E^r  is  sought 
for,  however,  in  one  significant  assumption  this  influence  is 
neglected. 
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The  current  density  of  cold  emission  in  any  point  of  the 
gap  between  the  electrodes  of  length  I  ft  a  separation  x  from 
the  cathode  is  equai  to  J_  -  J:Qeax  and  at  the-  annode  J_  »  J0caf  . 
According  to  their  condition  of  continuity,  the  overall  current 
should  consist  of  the  sum  of  the  currents  J  *  J_  +  J+,  CL* 271  ., 
tpage-  34:5j}:.  But  ina smuch  -as  there,  is  no  positive  ion  emission 
front  the"  anhdde,  the;  fdtai  axihode  current  is 


■  .  /  *.  J  ‘  U  •  ' 


whence 


(137) 


The  influence  of  the  extended  charge  for  the  homogenous' case 
may  be  determined  bf  Pdissoh^^equatidn:  >v 

"  ...  ........  (138) 

for  the  velocity  of  charged  perfidies  v,  the  current  J  ■  qv  and 
v  «  kiSV’^herd  ic  is  the  mbbltifyi'  Therefore, » J*  •  qkB. 


Inserting  the  value  q  ■  in  (138) ,  we  obtain: 

KB  . 


iia _ fe/./i-1— “  .-\ 


(139) 


■  The  diffusion  of  charged  particles  and  electron  capture  by 
molecules  is  not  taken  into  account.  The  integration  of  (139) 
for  a  »  const  yields: 


(140) 


where  Eq  is  a  constant  which  should  be  determined  from  the 
boundary  conditions: 

lEdk-BJi 


(141) 
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here  S  is  fc.he  field  intensity  at  a  distance  x  from  ::he  cathcic; 
En  is  the  applied  voltage. 

The  authors  determine  Eg  by  the  integration  of  both  members 
of  the  equation  (140)  from  0  to  Z,  and  obtained: 


S_£‘x2|^_w,(£+X)£j. 


(142) 


For  a  field  intensity  close  to  the  breakdown  intensity  {En 
the  second  member  in  brackets  may  be  neglected  relative  to  the 
first. 


The  voltage  at  the  cathode  is  found  from  (140)  by  plugging 
into  it  the  value  of  Bq  from  (142)  and  for  x  -  0: 


(143) 


If  the  index  function  in  the  equation  of  Fowler  and  Nordheim 
(22)  is  expanded  into  the  series  and  restricted  to  the  first  two 
members,  then  aE£(l-jp).  After  inserting  this  expression  in 
(243),  the  relation  can  fte  established  between  E^  asrd  En: 


where 


* 


(144) 


For  determination  pf  the  breakdown  voltage  the  authors  used 
the  equation  of  Fowler,  and  Nordheim  and  (143) .  In  each  of  them 
the  emission  current  of  the  electrons  and  the  field  intensity 
at  the  cathode  E^  is  figured.  But  in  (143)  the  applied  voltage 
En  enters.  For  given  values  of  Bn,  it  is  possible  from  the  two 
equations  to  graphically  determine  and  E^.  Such  a  qualitative 
determination  is  performed  in  the  graph  of  Fig.  119.  The  curve 
constructed  according  to  the  equation  of  Fowler  and  Nordheim  is 


designated  OB.  From  (143)  it  it  evident,  that  £ot  values;  of  /f, 
En.the  dependence  between  and  is  linear.  It  is  represented 
by  the  lines  PQ.  The  point  Pj  on  the  abscissa’s!  axis  signifies 
that  for  a  given  Ej^and  E^  the  emission  current  is  equal  to  0. 
P2Q2  and  P3Q3  represent  •  the  .function  r  ZfEjP  for  higher  values 
of  En*  The  curve  OB  and  P^Qj  do  not  intersect  for  a  certain  E^, 
but  do  have  a  point  of  fahgency .  For  voltages  somewhat  larger 
than  El,  the  equilibrium  state  in  the  inter-electrode  gap  is 


n' 


destroyed,  and  a*  condition  is  'created  suitable  for  breakdown 
formation.  Therefore  the'  authors  of  the  theory  consider  En  ■  E 
Principally  this  same  criterion  for  determining  the  breakdovm 
voltage  was  used  also  by  Swan  (L.311). 


n  “br* 


It  was  noted  abovd  that  generally  on  the  surface  of  electrodes 
emers.ed  in  a  liquid,  there  are  isolated  or  semi-isolated  films 
which  exert  a  strong  influence  on  electron  emission,  and  the 
equation  of  Fowler  andNordheim  is  not  applicable  here.  There¬ 
fore  the  breakdown  criterion  of  Goodwin,  and  McFadden  must  be 
considered  an  insufficient  basis. 


Fig.  119.  Conditions  for  breakdown  of  liquids  for 
cold  cathode  electron  emission. 


CHAPTER  TEN 


OTHER  THEORIES  OF  BREAKDOWN 

10-1.  A  Theory  of  Breakdown  Taking  into  Account  tne 
Polarization  of  Solid  and  Liquid  Additives 


The  formation  of  bridges  by  polarized  impurities  in  a 
prolonged  applied  voltage  is  taken  as  the  basis  for  the  construc¬ 
tion  of  the  breakdown  theory  of  Cook  and  Corby  (L. 215-317).  If 
the  dielectric  permeability  c  of  the  foreign  particles  is 
larger  than  that- of  the^ liquid,  then  they  should  migrate  to  the 
place  with  the  highest  voltage  wKere  the  breakdown  bridge  will 
also  be  formed.  The  possibility  of  impact  ionization  is  allowed 
in  them.  A  large  field  intensity  nwy  be  at  the  edge  of  the  elec¬ 
trodes,  at  the  predicting  edge  and  at  various  kinds  of  projections. 
The  foreign  particles  are  polarized  and  acquire  a  moment  m,  pro¬ 
portional  to  E. 


The  authors  examine  a  rectilinear  system  of  coordinates 
with  a  center  in  a  spherical  grid  of  particles  whose  dielectric 
permeability  constant  is  e.  This  element  is  in  the  dielectric 
medium  e().  The  condition  is  examined  where  e>£0.  the  force' 
acting  on  the  polarized  spherical  particles,  as  is  known  from 
electrodynamics  is  equal  to: 


fx-i* 


i  +  '<*«• 


Egtr&E-, 


(145) 


it  does  not  change  sign  in  the  course  of  the  entire  period  of  the 
applied  alternating  voltage. 


For  simplyfing  the  problem  it  is  assumed  that:  e 

dE 

jn*  (homogeneous  condition)  then 


®  and 


(146) 
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For  the  motion  of  charged  particles  in  an  inhomogeneous  field 
they  will  experience  a  deceleration,  the  force  of  which  in  a 
medium  with  a  viscosity  n,  according  to  Stokers  law  is  equal  to: 


/*  =*  6*y*  (x). 


(147) 


From  equations  and  »  the  velocity  is  determined 


(148) 


Since  the  particles  are  collected  in  the’  places  with  the 
highest  voltage,  their  concentration  there  should  be  greater  than 
in  the  neighboring  areas.  DiiLfusioji  motion  arises  in  the  place 
with  less  concentration.'  it  is  assumed' that  the  velocity  of  the 
particles  in  the  electric  fi@id;  may  become  equal  to  the  diffusion 
velocity  v.  for  the  motion  of  particles  in  negative  voltage: 

W  *m  to  *  (149) 

where  Dis  the  diffusion  coefficient; 

N  is  the  quantity  of  fbreign  particles  per  cm3.  According 
to  the  Stoke’ s-Binstein  formula, 


«{*)  • — *21—  iOM., 

tW  C triNW  to 


(150) 


Setting  v0  «  Vj,  we  may  obtain  an  expression  for  the  critical 
fiel d  intensity  Efx),  above  which  sooner  or  later  the  breakdown 
should  form. 


In  using  the  barometric  function  for  a  concentration  N(x)  in 
the  given  equilibrium  state,  the  following  dependence  is  obtained 
of  the  breakdown  voltage  upon  the  radius  r  of  the  polarized  particles: 
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(151) 


'-*T. 

and  for  the  breakdown  delay  time 

*v(C-«;)a'=c*(.  (152) 

In  this  formula  g  characterizes  the  degree  of  inhomogeneity  of  the 
field;  EQ  is  the  breakdown  voltage  for  a  prolonged  applied  voltage. 


For  short  pulses  E^  of  extremely  pure  hydrocarbon  liquids, 
as  was  already  noted,  is  equal  to  1.4  -  1.5  rav/cm.  The  corresponding 
molecular  diameter,  according  to  (151),  then  should  be  equal  to 
approximately  14A.  Actually  in  liquid  hydrocarbons  with  the  speci¬ 
fied  E. r  these  diameters  are  significantly  smaller.  Therefore 
the  authors  of  the  theory  suggest  that  the  breakdown  is  formed  in 
places  with  a' predominance  of  polymerized  or  oxidized  molecules, 
the  diameters  of  which  are  larger  than  normal. 


In  connection  with  the  aforementioned  theory  it  should  be 
noted  that  there  is  still  not  enough  experimental  material  to 
evaluate  its  applicability.  Certain  of  the  assumptions  in  deriving 
the  equations  do  not  seem  well-founded.  For  example,  the  authors 
assume  that  e  «  <*>  .  This,  generally  speaking,  would  be  suitable 
only  for  metallic  impurities.  The  authors  attempt  to  extend  the 
derived  formulas  to  the  breakdown  of  very  pure  hydrocarbon  liquids, 
in  which  the  polarized  particles  responsible  for  the  breakdown 
are  considered  to  be  oxidized  hycrocarbon  molecules.  It  is  entirely 
clear  that  e  of  the  oxidized  liquid  will  not  be  significantly  dif¬ 
ferent  from  r.j  of  the  unoxidated  liquid  and  in  any  case  will  not  be 
too  large. 


It  is  not  understandable  that  the  velocity  of  the  polarized 
particles  moving  in  the  electrical  field  should  be  equated  to  the 
velocity  of  the  diffusion  motion  of  these  particles.  Such  a  condi¬ 
tion  may  be  an  equilibrium  without  motion  bbt  then  it  is  not 
necessary  to  speak  of  velocities.  Moreover,  the  formula  for  the 
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diffusion  of  particles  assumes  tha-t  they  move  randomly.  The 
equation  (151)  is  introduced  for  polarized  particles  under  the 

.  action  of  an  applied  electrical  field. 

#  •  ,  •• 

*S.  , 

110-2.  *  A  theory  on  the.  basis  of  the  concept  of  impact  ionization 

and  ''the  interaction  of  electrons  with  the  molecules  of  the  medium 

* 

i  i 

In  the  theory  of  Lewis  stated  below  (L.?,4,  90,  and  318) 
although  it  does  nbt  reject  the  influence  of  emission  as  a  source 
of  electrons  the  distortion  of  the  field  due  to  it  in  comparison 

i  . 

with  other,  factors  is  considered  small  and  is  therefore  not  taken 
into  account.  The  capture  of  electr6h~avalanches  by  the  molecules 
of  the’  liquid  is  also  rejected1.  Such  a  simplification  of  the  method 
due  to  the  complexity  of  the  breakdown  process  seems,  of  course,  un¬ 
necessary.  , 

In  this  theory  a  great  deal  of  attention  .is  devoted  to  the 
interactipn  of  electrons  with  molecules  of  the  medium  according  to 
Hippel  (Li 25) The  electrons  in  drifting  in  the  direction  of  the 
field,  as  was  noted,  earlier,  received  energy  from  the  applied  fie-.* 
and  expended  it  in  the  excited  vibrations  of  the  particles  of  the 
medium.  In  small  intensities  the  electrons  have  a  small  energy  and 
in  the  quantum  interaction  with  particles  of  the  medium  cannot 
give  them  small  portions  of  energy.  The  same  thing  happens  with 
electrons  having  large  velocities  due  to  the  smallness  of  the  time 
of  interaction  in  the  course  of  which  the  vibration  of  the  particle 
is  not  disturbed.  Consequently  there  should  appear  an  optimum  E  or 
an  optimum  energy  of  the  electron  W,  in  which  they  most  effectively 
give  up  their  energy  to  the  molecules  of  the  liquid. 


If  an  argument  is  introduced  relative  to  the  average  length 
of  the  free  electron  path  X,  then  the  energy  may  be  written: 


W  -  EeX 


.  hv. 


(153) 
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theory,  have  the  same  corresponding  frequency  of  vibration 
This  assumption  is  made  on  the  basis  of  spectrographic  data  on 
the  frequency  of  vibrations  of  certain  hydrocarbon  groups  (L.319). 
Generalizing  these  data,  Lewis  made  the  not  entirely  strict 
assumption  that  the  vibrational  barrier  is  the  same  for  all 
hydrocarbon  liquids.  This,  of  course,  need  not  signify  that 
they  must  all  have  the  same  Ebr*  since  the  length  of  the  free 
path  X  is  different. 


The  average  length  of  the  free  path  ).  is  determined 
from  the  amount  of  the  capture  cross  section  where  i  «*  1,2,3 
are  the  indexes  corresponding  to  the  group  CH,  CH2,  and  CH^: 


(155) 


The  tentative  calculation  of  0^  may  be  made  on  the  assump¬ 
tion  that  the  enumerated  groups  of  atoms  are  distributed  along 
tne  spherical  surface.  As  the  radius  of  the  sphere,  the  distance 
1.1A  mav  be  taken  between  the  atoms  C  and  H  and  in  the  C-H  bend. 
In  this  section  Q  3.8  *  .10~AOcm  .  It  can  be  determined  more 
exactly  starting  from  the  assumption  that  the  shape  of  the  mole¬ 
cule  is  cylindrical,  and  calculating  at  not  a  transverse  but  a 
lengthwise  section  of  the  cylinder  of  radius  r  and  length  l. 

In  the  work  (L.320)  as  the  radius,  the  half  distance  between 
the  axes  of  the  molecule  2r  «*  4.9A,  was  taken,  and  for  l,  thj 
length  of  the  C-C  bond  projected  along  the  axis  of  me  cylinder 
( l  *  1.23  A).  For  a  number  of  hydrocarbon  atoms  n 

Q  «  («  -  I)kU  [AW  («  - 

Close  to  this  theory  of  the  breakdown  of  liquid  dielectrics 
(see  Section  1-3)  is  the  theory  presented  in  (L.21). 


According  to  (154)  and  (155)  the  breakdown  voltage  was 
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In  field  intensities  E^  and  E2  thi£  energy  will  be  equal  to 
and  W2*  Its  increment  AW  “  W2  "  ^1  *s  Plesente<*  pig*  12° 
along  the  axis  of  the  ordinate  in  the  form  of  a  straight  line  1. 


The  energy  losses  by  the  electrons  are  presented  in  curve  2 
with  a  maximum  at  the  point  WQ.  In  the  area  AB  the  losses  pre¬ 
dominate  and  the  acceleration  of  the  electrons  does  not  take  place 
(vibrational  barrier)  and  consequently  the  process  of  impe-t  ioni¬ 
zation  is  little'  likely.  Only  in  energies  greater  than  B  may 
this  barrier  he  exceeded.  In  Fig.  120,  besides  the  energy  WQ, 
the  ionization  potential  4>  may  also  be  noted,  the  quantity  of 
which  may  be  distributed  inside  the  area  AB.  This  point  is 
taken  as  a  criterion  of  breakdown  in  the  work  (L.232). 


]6U 


Fig.  120.  The  change  in  energy 
of  the  electrons  moving  in 
an  electrical  field,  in  the 
average  length  of  the  free 
path. 

1  -  the  energy  obtained  ty 
the  electrons  from  the  ap¬ 
plied  field?  2  -  the  losses 
in  energy  by  the  electrons 
to  the  excitation  vibra¬ 
tions 


For  a  certain  simpli¬ 
fication  it  may  be  considered 
that  the  molecules  have  a  par¬ 
ticular  vibration  frequency 
vQ.  It  is  assumed  that  in  an 
induced  force  the  alternating 
frequency  is  possible  as  if 
a  resonance  with  the  greatest 
absorption  energy  in  the  point 
Wq,  According  to  (153) 
this  should  take  place  in  a 
field  intensity 

(154) 

which  Lewis  calculates  from 


But  the  greatest  absorption  is  related  not  to  the  entire 
hydrocarbon  molecule  but  to  the  separate  groups  it  possesses 
CH,  CH2,  and  CHj  which  according  to  the  assumption  of  the  author’s 
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calculated  for  several  liquid  dielectrics  and  compared  with 
experimental  data  (Table  52) . 


Table  52 

Experimental  and  calculated  quantities  of  E, 
for  several  liquid  hydrocarbons 


Liquid  hydrocarbons 

/ 

Ebr 

mv/cm 

•Experimental 
-  data' " 

Theoretical 

data 

n-pentane  . 

1.00 

1.07 

3Me-pentane  . 

1.03 

1.06 

n-hexane  . 

1.10 

1.18 

3Me -hexane . . . 

1.05 

1.12 

n -heptane  . . . . 

1.20 

1.23 

•  •  •  •  •  < 

1.21 

1.18 

3Me-octane  . 

1.20 

1.19 

n-octane  . . 

, 

1.30 

1.39 

From  the  table  it  is  evident  that  the  calculated  and,  experimental 
values  of  Ebr  coincide  very  closely. 

10-3.  A  theory  of  breakdown  on  the  basis  of  the  concept  of  the 
electrical  density  of  the  crystal  dielectric 

Atwood  and  Bixby  (L<321)  made  a  successful  attempt  to  deter¬ 
mine  the  breakdown  voltage  of  carbon  tetra  chloride  according  to 
a  formula  derived  for  crystal  dielectrics  by  Froehlich  (L.294)  and 
also  Eiger  and  Teller  (L.322  and  323). 

The  theory  of  Froehlich  is  based,  as  is  known,  on  the  assump¬ 
tion  of  Hippel  on  the  interaction  of  the  accelerated  electrons  in 
the  applied  field  with  the  molecules  of  the  medium  (L.25).  More¬ 
over,  it  is  postulated  that  the  electrons  in  the  tone  of  conduct i- 
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vity  fall  either  by  the  tunnel  mechanism  or  from  "dumping’’  as 
a  consequence  of  their  distributed'  energy  according  to  the  law 
of  Maxwell,  According  to  Froelich-,  even  at  the  beginning  of 
the  applied  voltage  the  e'  ctrons  have  an  energy  sufficient  for 
ionization  by  impact.  In;  the  absence  of  a  field  an  equilibrium 
state  of  ionization  and  recombination  is  established  in  the 
dielectric. 

At  .the  base  of-  the.  theory  of- .Ziegler  and  Keller  is  placed 
the  method  of  Boer  for  calculating  energy  lost  by  o-particles  or 
going  through  the  gas  (L.324).  The  baric  mechanism  in  this 
theory  is  impact,  ionizatipn  ;and  the  same  assumption  of  Hiller 

on  the  interactipn  of  electrons  with  the  molecules  of  tlie  medium. 

<  .  .  '  > 

For  U  -  Ubr  the  electrons  received  from,  the  applied  field 
a  high  energy  which  they, lose  in  the  excitation  of  the  vibrations 
of  the  ions  of  the  crystal  iutticj.  There  is  no  impediment  to 
the  increase  in  the  energy  of  those  electrons.  The  impact  ioniza¬ 
tion,  the  formation  of  an  avalanche j  and  breakdown  of  the  dielectric 
should  come  in  very  quickly.  It  is  postulated  that  all  the  elec¬ 
trons  accelerated  by  the  field  move  directly  without  diffusion  as 
a-particles  in  air. 

For  the  calculation  :6f  Atwood  and  Bixby,  the  formula  of 
Froelich  was  used  in  the  following  form: 

•  tl56) 

The  caculation  of  is  ocncucted  in  the  following  values 

of  the  separate  parameters  in  (15$.),;  the  average  distribution 

between  the  molecules  of  CCl,  a«  ■  4,45  *10  cm;  the  ioniz.  „ion 
lie  ”  *** 

potential  $  «*  5, <42  ev,  where  x,0,  is  the  limiting  wavelength 

of  the  absorptioi  band;  the  dielectric  permeability  (the  square  of 
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A 


the  index  of  reffacjtilonX.e  ■  2V086  and  e1  •»  2;  23  (for  long  waves) ; 


'"log'4^p^2iI2 

*  Vmrl  ** 


'  (y^t'p4-'-085  r-S00** 


value 


'  <.>  *-  V/.  ^  V,  „*v  *^V  .  -  -  * 

ahd^Teiler 


•  *S/\t  "■  1  >--*vv 
<  '  ■ 


•  ;  *  (i57) 

the  .va|ue;jo£,tfe^^  oitjjhedwas  -somewhat 

%  -is  |K|  elementary  charge; 

m  *■  V  J^?^|f|^^i^a^s^^taiitr;  v  is  the  vibration 
frequency  of  t^1® 

statittical  vaiue  r^j^  is  tho  s^uare  of  f he^  ind^x  of  refraction  for 

.  i  ptftxu:; :.y.'-v ■)  r-  •>•>*{•.  ,;.■*/•■“  >#•■  •••■  ♦  .  r.  ••.-  >  ,  * 

short;  .waves  •  , 


V  •  *■'*■’  »  ,  *■»* 

-  -  ,  »  <***..?  *,•  , 


*-/ ■  f  ^  It 


IiV  both #s«t|i  calculated  and  experimental 

value's  j6f'-B|)r’’iwhi?cJr’^ was" 'pbtelne^'wa’s: 'satisfactory.'.  In  the  experiments, 
no  gre£rt:dif  f  bf  EL  ..was  found  for  chemically 

pure.  andv/cdmmercif  1-  CCl^  i  *  '  ' 

'  On  the  baslt  of  the  foregoing ,  tho  conclusion  may  be  made 
that  a"  transference  of  the  regularity  of  the  breakdown  formation 
of ^  crystii  afelectfids  at  least'  to  CCl^ ,  is  possible  even  in  the 
range  cf  t^mpefiturtis 'far  f rom^the  Crystallization  point  (L.325). 

But  it  is  still  too  early  to  say  that  there  is  a  regularity  for 
other  liquid  dielectrics. 
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the  index  of  refraction)  e  *  2.086  and  *  2.23  (for  long  waves); 

'*•"  sir®0-7*  *  108 -tF-^12 


l - 4-lY1' 


1,025  r-300*K. 


The  calculated  value  of  E^  »  0.198  mv/cra  and  the  experimental 
value  (in  constant  voltage)  is  E^r  ■  0.66‘mv/cw. 


According  to  the  formula  of  Ziegger  and  Teller, 


e’>-  |CQSE| 


"  'ft  •  Afl»/  *.  ’  (157) 

the  value  of  the  breakdown  voltage  of  CC1-  obtained  was  somewhat 
greater  (0.26  mv/cm).  In  this  formula,  e  is  the  elementary  charge; 

ft 

m  «  9.03  •  .0  g;  h  is  Planck's  tohstant;  v  is  the  vibration 
frequency  in  the  atoms  in  the  molecules  absorbing  the  energy  of  the 
electrons;  e  is  the  dielectric  permeability  for  long  waves  .(the 
statistical  value  e > ;  e is  the  square  of  the  index  of  refraction  for 
short  waves. 


In  both  cases  the  coincidence  of  calculated  and  experimental 
values  of  which  was  obtained  was  satisfactory.  In  the  experiments, 
no  great  difference  in  the  values  of  Ebr  was  found  for  chemically 
pure  and  commercial  CCl^. 

On  the  basis  of  the  foregoing,  the  conclusion  may  be  made 
that  a  transference  of  the  regularity  of  the  breakdown  formation 
of  crystal  dielectrics  at  least  to  CCl^,  is  possible  even  in  the 
range  of  temperatures  far  from  the  crystallization  point  (L',325). 

But  it  is  still  too  early  to  say  that  there  is  a  regularity  for 
other  liquid  dielectrics. 


Fig*;  i2i  *  A  sketch-,'  .$o  •determine 
the  time  of  breakd^wi;  "dela^v  '» 

1  -  a  sharp  pulse;  2  -^.a  ,• 
slowly  increasing  pulse;  ,3  ? 

Bbr  *or  c^ftst ant  voltage;,;:’  , 


Fig;  122>  <A  s, ketch,  for  ’ 
determining.  thev  time;  of  •, 
‘breakdown  delay  offCCiv 
in:pulsed  voltage, i  \.y;  • 


-In,,  work  XL . 321'j..? the,  caicuiatlon  is  also  presented  of  the.; 
deiiy  time -of . breakdown ‘$Q%k*1:ioh.  in  pulsed  voltage.  This  time  ’ 

At  -tPig.  121)  ,is  determined:- as  .the  interval  between:  the' moment 
wheh  .the';  amplitude  of  .xitKe;  ^ay^Vf -.the-'  pulse .  1  j£i$; 
features  a  virtue  equal.  to,''-$hp^9h^#. in/cotflfiant'  voltage 
3  (the  points'  anda2),,  tovthe  moment  pf  the  beg^^gVo.f .  bre.aic-- . 
down  in  the  points  and  afy  in  the  pulses.*  Herf  ''^tWjedd’jahd-jBi^by 
depdfct  from  the  analogy  with  the  mechanism  of  breakdown  in  gasses. 

Let  us  assume  that  at  the  anode  as  a,  result  of  .impact  ioniza¬ 
tion*  the  formation  of  a  positive  volumetric  tharge  has  begUii.  For 
a  certain  moment  of  time  the  length  of  the  area  occupied  by  these, 
charges  is  designated  S  f6r  a  distance  between  th®  electrodes  !)  ;• 
(Fig.  122)..,  Let  us  designate;  the,  applied  iieid.  intensity;  Ba.,_  .and 
the  actual  intensity  between  the  cathode,  and  the  increasing  ,  - 
positive  streamer  as  B^,  If  the  streamer  S  is ( considered  to  be;a 
good  conductor,  then  from  Fig.  J2&. the  following. aquation  is  evident 


£(l(D ’*$)“» 


(158) 


The  quantity  E  may  by  Fig.  123  be  changed  by  thb  breakdown 


intensity  in  constant  voltage  E^: 


(159) 


Since  the  speed  of  the  .growth  of  the  streamer  S  is  propor¬ 


tional  to  Ea,  we  may  set 


(160) 


where  C  is  a  constant. 


After  substituting  E^  from  (158),  and  Efl  from  (159)  and  (160) 


we  obtain: 


££  «  cJ2£s.  u  IE  +  Jffah 

at  D  ~S  v'*  -D  ~  S » ■'“  * ' 

(D—S)  dS  ~CD  (£H  dv, 

-  — u.,  , ,  J  :{D~S)dS^CD I 

-----  ^rf4s»e. _ -  -  "  '  j 

^  «  CD  At; 

Here  E^  is  the  breakdown vdltage  for  pulse  voltage. 


Off. 


(161) 


(162) 


Thus,,  if  |t  |s  considered  that  the  development  of  breakdown 
in  liquids  takes :  ^lace  in  the  same  way  as  in  gasses,  by  means  of 
the  motion  of  the  .positive  streamer  to  the  cathode,  then  the 
delay  in  the  formation  of  breakdown  At  should  be  inversely  propor 
tional  to  the  average  value .from  the  breakdown  voltage  in  the 
pulsed  and  constant  voltages.  For  CCl^  with  E^  ®  Ero  «  0.66  mv/cm 
the  quantity  At  2.3  microseconds.  The  value  obtained  does  not 
exceed  a  reasonable  limit. 


10-4,  Statistical  Theory 


Based  on  the  data  of  an  experiment  of  the  time  of  statistical 
lag  of  breakdown  in  liquid  hydrocarbons  of  the  paraffin  series  in 
short  pulses  and  interelectron  distances  of  several  dozens  microns, 
Lewis  and  Burg  (L.  32,61  proposed;  a  statistical  theory  of  break¬ 
down.  It  is  based  upon  an  expression  for  the  probability  for  the 
breakdown  phenomemon  P(t-)-  after  the  time  t  from  the  beginning  of 
the  applied  voltage,  and  increasing  it  by  degrees. 


, ,  .‘I  - 


For  breakdown  in  the  interval  t  and  dr  this  probability  is 
written  In  the  Sfdiiqwing^forml  *  ’  ■' 

*  *  V**‘  •  '  •  1; 

here  E  is  the  applied  ■  Vq.ltage^ ••-Jrgj  id  equal  to  the  average  statis¬ 
tical  delay  formation, 


’  ,  -i  ,  • 
*  i.'.  i\\ 


For  the . average  breakdown  delay  the  expression  is  also 
obtained:  ] 

where  EQ  is  *5  below  which  (E) 

is  equal  to  d,i;;ei(,-' there  is  ho  ^brdaHdqwh  ahdrfor  B>Eq  the 
value  of  if (E)  ivS'  quickly ^  increases;;;  X  is  the  number  of  recti¬ 
linear  puldes  .wifh^aK^iyehy^blitude'in  sone  degree. 


The  value  of  P  is  dotefmihed  from  the  expression 
if  the  length  of  the  square  pulse  is  equal  to  P, 


For  short  pulses  and  small  intervals  between  the  electrodes 
the  calculated  values  of  E^r  and  the  experimental  values  coincide 
satisfactorily. 

* 

It  is  completely  obvious  that  this  theory  may  be  applied  to 
relatively  large  spark  gaps.  In  these  conditions  the  physical - 
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chemical  properties  of  the  liquids  and  their  structure  will 
play  the  determining  role. 

10-5.  Several  Conclusions  on  the  Theories  of 
Breakdown  in  Liquids 

On  the  basis  of  numerous  investigations  it  may  be  considered 
established  that  the  mechanism  of  breakdown  of  liquid  dielectrics 
without  impurities  and  additives  includes  three  basic  pcocesses 

1)  electron  emission  from  the  cathode; 

2)  impact  ionization; 

3)  the  interaction  of  electrons  with  particles  of  the  medium. 

t 

In  Chapters  YllirOt  it  was  shown  that  the  incorporation  of  all 
these  processes  in  one  theory  is  not  yet  possible. 

Secondary  f|ilpi.o'rilv>ialsp«’Ca^tif:ip^te  in  the  formation  of 
breakdown  o£  technically  isolated  liquids  besides  the  processes 
considered’ -above*  In ■■several theories,  (Gemant,  Boening,  ,  Cook, 
and  Corby)  attempts  are .made  to  consider  them  on  the  assumption 
that  they  .pi'ay''a-;decis:iye;'part  iii  the  breakdown.  There  are 
theories  which '..are  Basically: .of  a  phenomenological  character. 

A  physical  picture  of  breakdown  formation  is  hardly  touched 
upon  in  them. 
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Table  53 

Basic  Assumptions  of  Theories  of  Breakdown  in  Liquids 


Name  of 
Theory 

Author 
of  Theory 

Basic  AssumpMons  of 
the  Theory 

References 

Gas 

Gemant 

Breakdown  is  formed  in 
strongly  Jaformed  gas 
bubbles.  Electrodes  ! 

;  .and  the  liquid  serve  i 

as  gas  sources. 

(L.299  and 
300) 

Ga^theriiial 

Edler 

Breakdown  formation  takes 
:  place  in  a  gas  layer 
separating  the  elec- 
[  tr ode.  from  the  liquid. 

On  the  border  of  the 
separation  of  the  li¬ 
quid  arid  the  ga!s  the 
temperature  is  increased 
arid  the  liquid  boils. 

(L. 301) 

Thermal 

Semenov  arid 
Waiter  . 

; 

-  Iri'  the  ’intereiectrode 
igapy.-the, 'temperature .  is 
highly  raised.  The  break¬ 
down  is  formed  in  the 
,;boi  ling,  liquid. 

(L. 302) 

The  same 

Sharbq  and.  . 
Bivens 

The.  breakdqwri  iri  pulsed 
'  :^oif dgejmay  develop  in 

5  vgas  babbies,  occuring 
from  local  heating  and 
!  Sdilirignof  the  liquid. 

(L. 303) 

The  same' 

Guntrschultz  3 

,•  v  *  i 

The .  breakdown  is,,  formed 
.  along'  a  gas  path  formed 
'  the  action  of  ions 

Vin  Che- electric  field. 

(L.304  and 
305) 

Theory  of 
a  droplet 
Bridge 

Gemant 

The  breakdown  is  formed 
along  a  bridge (not  neces¬ 
sarily  dense)  of  polar-  " 
i'2ed  arid  highly  deformed 
water  droplets. 

(L. 75) 

The  same 

Boening 

Between  the  electrodes  a 
bridge  of  water  droplets 
is  formed  dissociating 
into  ions  which  are  fixed 
to  the  surface  of  this 
bridge  with  E.  these 
ions  migrate  and  the 
bridge  becomes  a  good 
conductor:  the  liquid 
breaks  down. 

(L.306  and 
307) 

Voitoliz- 

Florenskiy, 

As  a  consequence  of  chemi- 

(L.308  and 

ation 

Wolkenstein 

cal  action  in  the  liquid 

309) 

Continued 


Name  of 

Author 

Basic  Assumptions  of 

References 

Theory 

of  Theory 

S  V 

the  Theory 

The  Theory  Bragg,  CroWe, 
of  Emission  Sharbaiigh 
of  Electrons 
from  the 
Cathode 


Theory  of  '  Swan 
Intensifying 
Emission  of' 
Electrons  y 
from  the 
Cathode 


Theory  of  -  Goodwin, 
Emission  of  and 
Electrons  McFadden  . 

and  Impact 
Ionization 

«■  • 

Theory  of  Cook,  Corby 

a  Bridge 
of  Polar¬ 
ized  Im¬ 
purity 
Particles 


hydrocarbons,  gas 
bubbles  are  formed 
which  form  a  dense 
bridge  between  the 
electrodes.  The 
development  of  break¬ 
down  is  due  to . the 
mechanism  of  impact 
ionization  in  this 
bridge. 

The  electrons  of  cold  (L.15) 

emission  form  volume¬ 
tric  charge,  which 
induces  a  redistribu¬ 
tion  of  field  intensity 
in  the  interelectrode 
gap.  Breakdown  forma¬ 
tion  begins  in  the 
places  with  the 
greatest  voltage, 

'  >,  equal  to  E.  . 

Cold  emission  of  (L.311) 

electrons  is  increased 
;  by  the  field  of  posi- 
,  five  ions  captured  at 
:  the  semi-conducting 
‘  film  on  the  surface 
A  of  the  cathode.  A 

redistribution  of  ' 

field  intensity  takes 
place  and  in  the  places 
with  the  voltage  equal 
to  E.  ,  breakdown  begins 
to  develop. 

Electrons  of  cold  emission  (L.91) 
from  •  the  cathode  produce 
impact  ionization.  Volu¬ 
metric  charge  increases 
eminrion  and  breakdown 
pro^Ttc lively  develops. 

Formation  of  breakdown  (L. 315  and 
takes  place  along  the  317) 

conductive  bridge  of 
foreign  particles 
polarized  by  the  elec¬ 
tric  field,  migrating 
to  the  places  of  highest 
voltage. 
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Continued 


Name  of 
Theory 

Author 
of  Theory 

Basic  Assumptions  of 
the  Theory 

References 

Theory  of 
Impact 
Ionization 
and  Inter¬ 
action  of 
Electrons 
with  Parr 
tides  of 
the  Medium 

Lewis 

t 

Breakdown  progressively 
deybiops  if  electrons 
received  more  energy 
from;  the  applied  field 

4h an:  they  lose  in  the 
acjtipn  of  oscillations 
of  groups  of  atoms  in 
the/«m6iecules  of  the 
liquid'. 

(L.24,  90, 
3i8) 

Theory 

Atwood,,  Bixby  . 

The  development,  of 

(L.321) 

Analogous 

/ ! 

breakdown  is  due  to 

to  the 
Breakdown 
of  Crystals 

/ 

* . 

/ 

\  t ' 

/■ 

/ 

* ; 

* 

*  , 

,  t\ 

-  the;,-inb'ehanism"Of  impact 
ionization  if  the  free 
.electrons  already 
.  existing  in  the  liquid 
qr  fal-lihg  in  the  zone 
■  df  conductivity  due  to 
the  tunnel  effect,  receive 
,  ;frOm  the  applied  field 
iftpre  energy  than  they  ; 

,  lose  in  the  disturbance 

t  i 

•  ,of;  vibrations  of  parti-  -• 

. 

/ 

v  ...  -  / 

.des' of  the  medium.  / 

Statistical7 

Lewis,  Ward 

^Statistical  factors  are  ' 

;  calculated  in  relation  / 

(L.26) 

/ 

*  ■ 

to.  thei  delay  time  of  the  ' 

;  breakdown. 

\ 

J^evis’  theory  may  be  considered  the  simplest  and  most 


successful  at  the  present  time,  in;  spite  of  the  fact  that  it 
considers  only  impact  ionization  and  the  interaction  of  electrons 
with  particles  of  the  medium.  A  successful  of  breakdown  in  liquid 
dielectrics  with  additives  and  impurities  has  not  yet  been 
developed.  In  Table  S3  the  brief  characteristics  of  breakdown 
theories,  presented  by  various  authors,  are  presented. 


Conclusion 


In  the  recent  past  comparatively  simple  methods  have  been 
used  in  the  study  of  liquid  dieledtrics.  In  separate  cases  the 
non-coincidence  of  various  experimental  data  was  noted.  This  may 
be  explained  by  the  different  treatment  of  studies  of  liquids 
and  the  insufficient  control  of  the  form  of  the  wave  of  the  voltage. 
Oscillograms  were  rarely  used  then,  and  the  initial  moment  of 
breakdown  remained  unknown.  It  was  assumed  that  it  coincided  with 
the  time  that  the  amplititude  of  the  impulse  reached  the  greatest 
value.  Only  long  afterwards  did  it  appear  that  the  liquids  break 
down  with  a  great  delay  and’  that  later  with  an  increase  in  the 
distance  between  the  electrodes  it  increases. 

A  wider  introduction  of  high-  voltage  cathode  oscillographs 
in  experimental  research  with  liquid's  made  it  possible  to  obtain 
concepts  on  the  processes  which  take  place  in  very  small  intervals 
of  time  (to  tenths  and  even  hundredths  of  a  microsecond) .  This 
facilitated  a  significantly  better  study  of  the  separate  side  of 
the  mechanism  of  breakdown  in  liquids. 

But  the  most  progressive  and  fruitful  thing  in  the  past 
ten  years  has  been  the  introduction  of  pulsed  generators  with 
square  waves .  Many  experiments-  were  conducted  with  them  and 
important  regularities  were  established.  ‘  However,  with  such  a 
method  the  experimental  quantity  of  non-coincidences  was  not 
reduced-. 

Such  generators  can  produce  voltages  not  greater  than 
15-20  kv  on  the  experimental  objects.  Therefore,  from  necessity, 
very  small  spark  gaps  were  studied.  Here  the  experimental  technique 
became  more  complicated,  and  in  practice  less  valuable  results  were 
obtained. 


the  present  stage  of  development  of  investigation  of 
electrical  density  of  liquids  a  highly  restrictive  factor  is  the 
absence  of  such  generators  for  voltages  of  several  hundred  kilo¬ 
volts.  The  opposite  may  also  be  said  of  the  weak  introduction  of 
reliable  schemes  for  the  undistorted  illustration  of  breakdowns 
by  cathode  oscillograms  with  sy.ee'ps  of  10  seconds  for  the  whole 
screen. 


In  spite  of  the.  abundance  of  data,  the  mechanism  of 
breakdown  in  liquids,  and  also  the  mechanism  of  current  increase 
in  strong  electrical  fields,  the  reduction  of  in  prolonged 
appiied  voltage,  etc.,  still  regains.  not  completely  clear. 

At  the  present  time  the  solution  of  many  practical  important 
problems  is  solved  by  preliminary  experiments.  From  them  an 
increase  of,  the  electrical  strength  even  of  very  well  purified 
isolated  liquids  may  be  implied,  by  introducing  in  them  specified 
chemical  compounds  or  oxygen.  Spch  problems  are  applicable,  for 
example,  to  transformer  oil;  it-  would*  follow  to  solve  Simultaneously 
with  the  problem  of  aging  of  isolation,  for  prolonged  work  in  condi¬ 
tions  which  would  be  more  difficult  or  close  to  being  used. 


It  was  known  long,  ago  that  the  content  of  air  in  isolated 
liquids  reduces  their  electrical  strength.  This  becomes  especially 
noticeable  iq  the  phpnqraenpn  of  gas  bubbles.  However,  the  mechanism 
of  gas  formation  in  well-^pgassed  isolated  liquids  in  switching  on 
the  voltage  and.  even  at  tne  present  time  remains  unknown.  There  is 
no  general  opinion  also  on  the  mechanism  of  formation  of  gas 
bubbles,  and  also  on  the  conditions  of  the  phenomenon  in  them 
of  impact  ionization  end  breakdown,  formation. 

No  opinion  has  been  reached  on  the  exclusive  importance 
of  the  method  of  processing  liquids,  i.e.,  chemical  and  mechanical 
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purification,  drying,  and  degassification.  But  meanwhile,  as 
in  passing  it  appears  that  in  short  pulses  and  small  spark  gaps 
all  these  methods  do  not  exert  a  noticeable  on  E^r,  i.e.,  the 
liquids  as  it  were,  lose  their  individuality. 

In  the  conditions  where  they  are  intended  for  apparatus 
with  short  impulses,  problems  related  to  purification  have  a 
practical  interest.  However,  it  is  not  yet  clear  what  conclu¬ 
sions  may  be  made  from  the  indicated  experimental  fact. 

Not  so  long  ago  it  was  shown  that  in  a  breakdown  voltage 
of  the  liquid  a  significant  influence  is  offered  by  the  material 
of  both  electrodes.  This  influence  is  related  to  the  formation 
of  isolated  or  semi-isolated  films  on  the  surface  of  the  metal 
but  it  is  not  yet  studied  and  its  mechanism  in  many  relations 
is  not  clear.  Such  questions  should  present  interest  for  persons 
studying  the  development  and  preparation  cf  electrical  condensers 
with  specified  floodings  or  impregnated  dielectrics.  In  connection 
with  these  one  can  point  also  to  the  weakly  studied  phenomenon  of 
cold  emission  of  electrons  from  metal  in  dielectric  media. 

In  studying  pre-breakdown  processes  it  was  noted  that  during 
the  time  of  breakdown  delay,  in  the  liquids  cascades  are  formed 
and  low-powered  streams,  which  do  not  induce  a  progressive  break¬ 
down  in  the  liquid  and  are  inhibited  by  opposing  factors.  From 
a  practical  point  of  view  these  processes  can  be  examined  as  sig¬ 
nals  of  the  onset  of  breakdown.  Apparently,  they  can  be  divided 
and  used  to  shut  off  apparatus  until  breakdown. 

There  is  very  little  data  on  the  values  of  E^r  of  isolated 
liquids  in  which  square  pulses  of  various  length  for  distances 
between  the  electrodes  upon  fractions  of  a  millimeter  up  to  several 
centimeters.  The  same  may  be  said  on  the  influence  of  the  chemical 
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composition  of  liquids  and  their  structure  upon  E^r;  upon  the 
processes  of  spark  heating}  on  the  delay  in  breakdowns  of  large 
spark  gaps,  etc.  There  are  very  many  such  unsolved  and  p^acticall; 
important  problems.  By  considering  several  of  them  the  author 
wanted  to  call  attention  to  the  large,  complicated  and  interesting 
problem  of  the  electric  strength  of  liquid  dielectrics. 
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